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for  homog«n«ous  and  tnhomogenaous  condition*  rotp.  For  ty»t«m  analy*ls  Inittod  of  AX,  doscribing  o  roctongulor 
wavelength  bond  only,  the  spectrol  respontivity  of  the  receiver  has  to  be  included  oi  another  factor  In  the  in¬ 
tegral.  The  integrals  ere  equivalent  to  brood  bond  radiant  fluxes,  given  in  W. 

If  an  gyeroge  extinction  coefficient  for  the  wavelength  baid  under  consideration  is  used 

to  calculate  the  tronsmiuion  by  Fq.  (5),  i.e.  the  exponential  low,  instead  of  Eq.(9),  i.e.  the  correct  integrotion,  the 
calculated  trcnsmluion  values  for  short  ranges  would  be  higher  than  the  actual  ones.  That  for  long  ranges  would  be 
lower.  Physically  this  results  simply  because  at  the  beginning  of  the  transmission  range  the  radiation  at  wavelengths 
with  high  is  attenuated  much  more  than  that  with  low  Therefore  the  spectral  content  of  the  radiation  is 
chenging  along  the  trsismission  range,  so  that  wavelengths  with  low  ore  dominoting  more  and  more.  These  results 
for  long  ronge  transmission  in  tn  overall  extinction  low  flotor  than  on  exponential  one. 

For  wovelength  bonds  comparable  with  atmospheric  windows,  see  section  2.4.1  9td  2.5  (Pig. 2 
and  3),  the  extinction  coefficient  for  the  dominoting  wavelengths  after  tronsmission  ranges  betvreen  some  1(X)  m  and 
1  Icm  is  more  or  less  wavelength  independent.  Therefore  the  exponential  extinction  low  can  be  used  for  long  range 
window  troumission,  including  a  correction  term,  as  a  good  opproximotion.  This  is  very  helpfol  for  system  analysis 
because  of  the  simple  horsdling  of  exponential  relations  and  these  roiges  R  >  1  km,  quite  comparable  with  operational 
renges  sensitive  to  atmospheric  limitotions. 


With  respect  to  absorption,  it  moy  be  mentioned  only,  that  it  is  defined  os  the  transfer  of  rodiont 
energy  to  other  kinds  of  energy,  caused  by  interaction  between  radiation  txid  matter.  The  absorption  coefficient  a, 
os  introduced  by  Eq.  (6)  is  reloted  to  the  complex  index  of  refroction  m  °  n  -  ix^  suitable  to  describe  absorbing 
matter,  by 


with  interoction  pothlength,  R  =  macroscopical  transmission  nxige.  Absorption  wos  indicated  in  Fig. 2  of  lecture  1 
by  -»o.  Absorption  effects  of  atmospheric  constituents  will  be  discussed  in  section  2.4. 


More  general  comments  ore  necessary  on  scattering,  I.e.  within  this  contexts  the  deflection  o( 
radiation  from  Its  originol  direction,  if  striking  o  surface  or  propogoilng  through  o  medium.  It  b  described  by  the 
volume  scotterlnn  function 


given  In  u  m  with  I((^  ^  radiant  Intensity  in  Wu  for  o  certain  angle  0  with  respect  to  the  originol  direction, 
-2  3 

E  '  Irrodtosce  in  Wm  of  the  volume  element  if/  In  m  ,  see  Fig.1.  The  saottering  coefficient  $,  covering  oil  losses 


by  scotterlng,  follows  by  Integration; 


/*  ■  2  e  /  fiiA  sin  0  sk>  , 
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UNCLASSIFIED  ABSTRACT 


Contract  AF  04(611)-10753  was  conducted  over  the  period  June  1965  to 
March  1967.  The  program  was  directed  toward  understanding  erosion-corrosion 
mechanisms  of  nozzle  heat  sink  and  insulation  materials  in  state-of-the-art 
beryllium  solid  propellant  exhausts.  The  major  task  was  the  design,  fabri¬ 
cation,  and  evaluation  of  the  results  of  the  29  motor  tests.  Primary  design 
variables  included  propellant,  grain  design,  motor  configuration,  nozzle 
contour,  materials  and  nozzle  scale.  Four  beryllium  propellants  were  tested 
in  5  designs  (100  and  500  pound  grains)  in  25  tests.  Aluminum  analogs  were 
used  in  4  tests.  Submerged,  conventional  and  steep  inlet  nozzles  were 
designed  to  exceed  5000°F  with  pyrolytic  graphite,  ATJ  graphite,  dense 
tungsten,  carbon  cloth  and  asbestos  phenolic  materials.  The  hardware,  wall 
deposits  and  exhaust  plume  particles  are  described.  Measured  nozzle  temp¬ 
eratures  and  ballistic  performance  were  used  to  d^-termine  throat  tempera¬ 
ture,  corrosion  and  oxide  deposition  histories.  Design  parameter  effects 
on  nozzle  and  ballistic  per for^nance  and  material  failure  mechanisms  are 
discussed.  Supporting  chemical  reaction,  arc  plasma,  cold  flow  modeling, 
data  correlation  and  analytical  stucies  are  described.  A  generalized 
model  for  nozzle  design  and  performance  evaluation  is  presented.  The 
model  includes  improved  heat  transfer,  corrosion  and  deposition  analyses. 
Standard  materials  can  be  used  with  either  beryllium  or  aluminum  propellants 
in  properly  designed  motors.  Poor  nozzle  and  ballistic  performance  relates 
to  incomplete  metal  combustion  and  inadequate  thermostructura 1  design. 

Oxide  deposits  are  thermally  and  chemically  protective.  Most  of  the  con¬ 
clusions  and  recommendations  pertain  as  well  to  liquid,  hybrid  and  other 
solid  systems. 
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SECTION  1  (C) 

INTRODUvCTlON 


1.1  (U)  REPORT  OBJECTIVES  AND  SCOPE 

This  is  the  Final  Report  for  Contract  AF  04(611)-10753,  "Beryllium  Erosion 
Corrosion  Investigation  for  Solid  Rocket  Nozzles."  The  technical  program 
was  conducted  over  the  period  1  June  1965  to  17  March  1967.  During  this 
period,  a  series  of  four  technical  progress  reports  were  issued.  These 
reports,  References  1  through  4,  provide  thorough  coverage  of  all  of  the 
program  technical  results.  In  total,  there  are  500  figures,  108  tables 
and  over  500  pages  of  text.  The  volume  and  complexity  of  these  reports 
inhibits  information  transfer  to  the  reader  with  general  interests.  Con¬ 
sequently,  the  primary  objectives  of  the  Final  Report  are  to: 

(1)  Provide  a  concise  nummary  of  the  program 
results,  conclusions  and  recommendations. 

(2)  Provide  a  guide  and  index  to  more  detailed 
derivations  and  discussions  of  the  program 
results  contained  in  the  Technical  Progress 
Reports . 

(3)  Group  some  of  the  more  interesting  motor 
test  data  in  appendices  for  easy  reference 
and  comparison. 

(4)  Discuss  the  projection  of  program  results 
and  philosophy  to  future  solid  and  non¬ 
solid  chemical  propulsion  systems. 
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The  remainder  of  Section  I  briefly  describes  the  program  objectives,  scope 
and  technical  approach.  A  summary  of  the  program  results  and  conclusions  is 
given  in  Section  II.  Section  III  describes  the  design  and  results  of  the 
29  program  motor  tests  and  summarizes  the  results  of  the  supporting  labora¬ 
tory  and  data  correlation  studies.  Section  IV  presents  a  generalized  nozzle 
design  and  performance  analysis  technique.  Conclusions  and  recommendations 
are  presented  in  Sections  V  and  VI,  respectively. 

1.2  (C)  BACKGROTJND 

During  the  past  decade,  the  development  of  solid  propellants  containing 
beryllium  metal  has  been  stimulated  by  a  potential  gain  of  about  107o  in 
specific  impulse  relative  to  comparable  aluminum  systems.  High  performance 
beryllium  propellants  were  under  consideration  for  application  in  future 
upper  stage  solid  motors.  During  early  development,  three  major  technical 
problems  were  associated  with  the  beryllium  system.s.  Thus,  the  toxic 
beryllium  compounds  automatically  posed  fabrication,  testing  hazard  and 
atmospheric  pollution  problems.  Secondly,  delivered  performance  did  not 
meet  the  theroetical  expectations.  Finally,  materials  erosion  problems 
were  considerably  more  severe  than  initially  estimated.  It  was  evident 
that  materials  performance  could  not  be  entirely  controlled  by  application 
of  the  design  technology  developed  for  aluminum  propellant  systems. 

At  the  present  time,  delivered  performance  •  Jficiencies,  comparable  to  or 
better  tha.i  aluminum  systems,  have  been  demonstrated  by  intermediate  and 
advanced  beryllium  propellants.  This  report  describes  the  results  of  a 
program  directed  toward  understanding  nozzle  design  problems  with  beryllium 
propellants.  It  follows  that,  with  the  control  of  the  motor/nozzle  per¬ 
formance  problems,  beryllium  propellants  can  be  selected  for  use  in  upper 
stage  motors  as  originally  planned.  However,  economic  penalties  are  associ¬ 
ated  with  the  use  of  beryllium  and  the  control  of  the  toxic  hazards.  The 
greatest  payoff,  then,  would  be  associated  with  high  performance,  weight  or 
volume  limited  systems.  In  such  systems,  there  appears  to  be  no  technical 
reason  why  advanced  aluminum  propellant  candidates  could  not  be  replaced 
by  higher  performance  beryllium  analogs. 

1.3  (U)  PROGRAM  OBJECT’'VES 

The  overall  objectives  of  this  research  and  development  program  were: 

(1)  To  provide  an  understanding  of  the  mechanisms 
of  erosion  and  corrosion  with  beryllium 
prope  Hants  . 

(2)  To  determine  what  nozzle  materials  and  designs 
can  be  used  with  beryllium  propellants. 
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(3)  To  successfully  demonstrate  the  performance 

of  a  test  weight  nozzle  system  with  a  berylli jm 
propellant . 

1.4  (C)  PROGRAM  SCOPE 

The  following  limitations  and  restrictions  were  placed  on  the  scope  of  the 
investigation; 

(1)  (C)  This  program  was  to  involve; 

(a)  (U)  Analyses,  laboratory  test  and  rocket 

motor  test  firings  to  determine  the 
mechanisms  of  surface  regession  with 
beryllium  propellants, 

(b)  (U)  Correlation  of  available  motor  test 

firing  data. 

(c)  (U)  Design,  fabrication  and  testing  of 

nozzles  to  demonstrate  a  test  weight 
design  for  use  with  beryllium  pro¬ 
pellants.  The  design  was  to  be  readily 
capable  of  redesign  with-ut  conceptual 
changes  to  a  i  tgbtweight  design. 

(d)  (U)  The  application  of  tungsten,  graphite, 

carbon  or  reinforced  nlastics  as 
matetials  in  nozzle  design. 

(e)  (U)  The  generation  of  technology  appli- 

caole  to  both  conventional  and  sub¬ 
merged  convergent-divergent  nozzle 
configuration,  with  demonstration 
of  only  one  design. 

(f)  (C)  Testing  of  hardware  with  four  dif¬ 

ferent  propellant  compositions  in 
the  280-285  theoretical  specific 
impulse  range. 

(g)  (U)  Consideration  of  both  composite  and 

nitronlasticized  double-based  pro¬ 
pellant  compositions. 

(2)  (U)  The  program  was  not  to  include  cooled 

nozzle  designs.  Ablative- plastics  and 
impregnated  tungsten  were  not  defined  as 
cooled  materials. 
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(3)  (U)  It  was  required  that  the  laboratory  study 

and  motor  testing  phases  of  the  contract 
be  supported  by  an  effective  industrial 
hygiene  program. 

1.5  (C)  PROGRAM  TECHNICAL  APPROACH 

a.  (U)  Phases  of  Work 

The  program  was  segmented  into  a  series  of  six  technical  phases  defined 
as  follows; 

(1)  Phase  I  ~  Theoretical  Analysis  and  Studies: 

(a)  Analyses  were  performed  to  determine  the 
exhaust  composition,  ballistic  performance, 
particle  flow  mechanics,  propellant  grain 
configuration  effects,  heat  transfer  and 
corrosion. 

(b)  Thermal  and  structural  analyses  were  pro¬ 
vided  in  support  of  motor/nozzle  design 
and  testing. 

(c)  Heat  transfer  analysis  techniques  were 
developed  to  include  the  effects  of  depo¬ 
sition.  Nozzles  tested  under  Phases  III 
and  V  were  instrumented  in  support  of  this 
effort . 

(2)  Phase  II  -  Laboratory  Studies 

(a)  The  chemical  reactivity  of  nozzle  materials 
with  concensed  species  unique  to  beryllium 
propellants  were  studied. 

(b)  Particle  impaction  and  deposition  effects 
were  studied  using  cold  flow  modeling  and 
arc  plasma  techniques. 

(c)  Post-test  analyses  of  the  hardware,  con¬ 
densed  phase  deposits  and  exhaust  plume 
particle  samples  were  conducted  to  character¬ 
ize  motor  performance  and  material  failure 
mode  s . 
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(3)  Phase  III  -  Small  Scale  Rocket  Motor  Testing 

(a)  A  series  of  eight  tests  were  conducted  to 
provide  a  direct  comparison  between  aluminum 
and  beryllium  propellants  of  similar 
compositions , 

(b)  A  series  of  seventeen  tests  were  conducted 
to  determine  beryllia  deposition,  impaction, 
grain  configuration  effects  and  specific 
corrosion  data  with  beryllium  propellants. 

(c)  All  tests  in  this  phase  were  conducted  with 
the  following  conditions: 

Throat  Diameter:  1  to  1-1/4  inch 

Chamber  Pressure:  800  psia  (nominal) 

Test  Duration:  20  seconds  (nominal) 

(4)  Phase  IV  -  Conqjarative  Analysis 

(a)  A  comparative  analysis  of  all  nozzle  test 
firing  data  accumulated  in  this  program  and 
from  the  available  information  from  other 
beryllium  motor  programs  was  performed.  The 
data  were  compared  with  similar  aluminized 
propellant  test  data. 

(5)  Phase  V  -  Development  Testing 

(a)  Additional  nozzle  performance  and  nozzle 
scale  data  were  obtained  in  a  series  of  four 
development  nozzle  tests.  All  nozzles  in 
this  series  were  submerged. 

(b)  The  nominal  development  testing  conditions 
were : 

Throat  Diameter:  2  to  2-1/2  inches 

Chamber  Pressure:  800  psia 

Test  Duration:  25  seconds 

(6)  Phase  VI  -  Analysis  Technique  Demonstration 

(a)  The  analytical  prediction  techniques 

developed  in  this  program  were  demonstrated 
for  a  motor  to  be  tested  on  another  program. 
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b,  (U)  General  Requirements 

The  following  general  requirements  were  incorporated  into  the  program 
technical  approach: 

(1)  All  motor  tests  firings  were  conducted  by  the 
Air  Force  Rocket  Propulsion  Laboratory,  Edwards 
Air  Force  Base,  California,  using  Aerojet  ADOBE, 

600  pound  motor  cases. 

(2)  All  solid  propellant  grains  were  of  the  cartridge 
loading  type. 

(3)  Motor  assembly,  disassembly  and  data  reduction 
were  accoir^lished  by  AFRPL.  Tested  hardware, 
without  decontamination,  and  reduced  test  data 
were  delivered  to  Philco-Ford  for  further 
analysis . 

(4)  All  program  operations  involving  the  handling  or 
potential  exposure  to  toxic  beryllium  compounds 
were  conducted  in  strict  accordance  with  an 
Industrial  Hygiene  Plan  approved  by  the  Air  Force. 

(5)  A  series  of  four  technical  progress  reports  were 
prepared  and  distributed  in  accordance  with  the 
CPIA  distribution  list.  Groups  2  and  4.  A  program 
Demonstration  Phase  Report,  Analytical  Nozzle 
Performance  Study  for  the  Hercules  X259-C2  Motor," 
February  1967,  was  distributed  only  to  the 
Government  and  Hercules  Incorporated. 

c.  (U)  Program  Technical  Premises 

The  program  technical  approach  v;as  formulated  to  evaluate  three  related 
premises  which  offered  a  logical  explanation  of  the  observed  behavior  of 
motor  materials  in  beryllium  propellant  exhausts.  These  were: 

(1)  A  significant  fraction  of  the  incidences  of  poor 
nozzle  materials  performance  witii  both  beryllium 
and  aluminum  propellants  derive  from  underestimation 
of  the  convective  heat  transfer. 

(2)  The  formation  and  behavior  of  condensed  phase  surface 
deposits  along  the  nozzle  contour  has  a  strong 
influence  on  materials  performance. 

(3)  The  mechanics  c-f  beryllium  metal  combustion  are  more 
restrictive  relative  to  aluminum.  Major  differences 
in  heat  transfer,  corrosion  and  deposition  result. 
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SECTION  II  (C) 

SUMMARY 


The  results  of  early  development  testing  of  beryllium  solid  propellants 
indicated  that  a  severe  nozzle  materials  problem  existed.  Consequently, 
this  program  was  directed  to  improving  the  understanding  of  the  mechaii'.sms 
of  erosion  and  corrosion  in  beryllium  exhausts  and  to  determining  which 
nozzle  materials  can  be  sc ' ''-“ssfully  applied  with  beryllium  propellants. 

These  issues  and  the  assoc. .^ced  one  of  poor  ballistic  performance  recorded 
by  beryllium  propellants  have  been  successfully  resolved,  at  least  quali¬ 
tatively.  The  ex'"ensive  similarity  between  beryllium  and  aluminum  propellant 
systems  has  been  demonstrated.  An  improved  general  approach  to  nozzle 
design  and  performance  evaluation  has  been  developed.  Specific  improvements 
have  been  made  in  heat  transfer,  corrosion,  ballistic  performance  and  oxide 
deposition  analyses.  The  utility  of  and  requirements  for  supplemental  lab¬ 
oratory  and  scale  motor  testing  have  been  clarified.  The  conclusions  and 
recommendations  are  jointly  based  on  Che  detailed  interpretation  of  the 
program  solid  motor  tests  and  analytical  study  of  the  interaction  of  the 
rocket  exhaust  with  motor  materials. 

The  program  resets  are  summarized  and  reviewed  in  Section  III.  Section  3.1 
and  Appendix  I  describe  the  seven  propellants  used  in  this  program.  Fi..mu- 
lation,  Ideal  performance  and  nonideal  performance  data  are  described.  The 
propellants  include  two  beryllium  and  two  aluminum  analog  CMDB  formulations 
and  two  beryllium  and  one  aluminum  composite  formulations.  A  qualitative 
metal  combustion  model  is  described  and  it  is  shown  that  poor  combustion 
may  increase  the  exhaust  corrosivity  by  an  order  of  magnitude  or  more. 
Beryllium  metal  combustion  is  inherently  slower  than  aluminum.  Metal 
agglomerat ion  at  the  grain  sut face  and  low  flame  temperatures  prior  to  metal 
combustion  are  identified  as  major  causes  of  incomplete  combustion.  In  sofrie 
cases,  required  metal  particle  residence  times  have  been  greater  than  those 
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available  in  solid  motors.  All  of  the  beryllium  and  one  of  the  aluminum 
analogs  tested  are  shown  to  be  potentially  poor  with  respect  to  achieving 
complete  combustion  in  short  times. 

Section  3.2  reviews  the  results  of  st  dies  conducted  in  suppor;.  of  the  main 
rocket  motor  test  phases  of  tiu  program.  Laboratory  chemical  reaction 
studies  showed  that  low  melting  tungsten  carbide  and  tongsten-beryilium  (or 
aluminum)  alloys  ma>  be  formed.  Beryllia,  ber’llium  nitiide  and  beryllium 
carbide  were  shown  to  be  inert  at  reasonable  rocket  pr'ssures  and  tempera¬ 
tures.  Arc  plasma  studies  of  beryl! ia  impingement  on  graphite  and  plastic 
insulation  were  relatively  unsuccessful.  Deposits  .ere  t  rmc'^  ut  sticking 
thresholds  could  not  be  identified  in  the  low  pressure  tests.  Cold  flow 
modeling  studies  were  conducted  to  examine  the  part'cle  impingement  process 
as  a  function  of  grain  and  nozzle  c  mtour  designs,  ihe  results  were  quali¬ 
tatively  useful  in  interpreting  the  detailed  ^i^ain  port  flow  ei.'ects  on  the 
magnitude  and  location  of  particle  impingement  in  the  so  id  motor  tests. 

The  ise  of  grease  on  the  ')zzle  model  contour  was  sncvn  u  be  usefuj  in 
visualizing  the  gas  shear  tlow  patterns  with  complex  grai  design’s. 
Correlation  studios  showed  that  the  general  lack  of  heat  t.,  osfer  ar  ' 
deposition  data  tended  to  nullify  the  value  oi  te'^ts  conducted  i  l!  ’r  pro¬ 
grams,  A  unique  pressure  dependence  of  curros.on  rate  was  shown  f  r  ore 
composite  berllium  propellant.  This  suggested  that  incomplete  propellant 
combustion  occurred  below  a  critical  pressure  near  700  psii.  The  analytical 
techniques  developed  (or  improved)  for  feating  cc.r^^ien,  iieat  transfer, 
deposition  and  ballistic  performance  are  briefly  rt  ewed.  The  application 
of  these  analytical  techniques  i''  the  program  demons  -atiou  phase  is  briefly 
discussed.  A  more  extensive  discussion  of  the  prugram  analytical  methods 
is  included  in  Section  IV. 

Section  3,3  and  Appendices  1  and  II  describe  the  ub  ctives  and  design  of 
the  ’9  motors  and  nozzles  tested  in  the  program.  The  major  design  parameters 
were;  (1)  propellant,  i2)  grain  design,  (3)  mor configuration,  (4)  nozzle 
contour.  (5)  nozzle  throat  diameter,  and  (6)  nozzle  materials.  Each  test 
feat’’rou  at  least  one  design  change.  Four  ^,rai!i  designs  were  used  with 
100  ,  Hind  giuins.  The  four  oOO  pounu  grai  .s  were  of  a  single  design. 
Submerge-!,  .steer  inlet  and  conventional  nozzle  contour.s  were  te.steJ.  End 
burning  grains  were  tester  in  two  pos’tions  relat'''’e  to  the  nozzle  throat. 
Pyrolytic  graplirte  heat  sink  designs  were  used  in  t'.ie  maK-rity  of  the  tests 
lO  fai  iliti'e  Lh.ermal  data  c  quisition.  Five  tungsten  insert  nozzles  were 
tested.  ATI  graphite,  carbon  clotli  and  .isbcstos  phenolic  mate'-ials  were 
u.sed  away  ..rom  the  throa.t  seetion.s.  .All  n.'zzle-'  were  designed  to  exceed 
surface  temperatures  of  3000  r  in  t!u'  20  ana  23  second  burn  times.  Foui 
tests  u.s  d  alumin;  analog  pi  v>pe  1  laat  .s  .  Extercsive  tlu'rmal  and  ballistic 
instrumentativn.  were  rr-.ivided  on  (  el  test. 

Section  3.-*  and  Appendix  11'^  descr'^e  h.e-  .notor  te.st  re  .suits  and  the  post 
test  condition  of  tl.e  nozzles.  Tin-  te  t  results  include:  (1)  vi.su-al 
examination  cf  the  hardware,  t2>  hailistic  data,  (.1)  thermocouple  data, 
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(4)  motion  pictures  of  l’-'  tests,  and  (5)  exhaust  plume  particl  mples. 

The  rniijority  of  the  actual  data  is  not  included  in  this  report  which  con¬ 
centrates  on  the  interpretation  of  the  results.  Basically,  the  physical 
conditon  of  the  nozzles  and  aft  closure  insulators  was  excellent.  The 
small  nozzles  tested  with  the  axially  slotted  grain  designs  were  slightly 
grooved  at  0  and  180  degrees  relative  to  the  grain  slot.  The  large  nozzles 
were  submerged  (slotted  grain  design)  and  the  nose  cap  was  slotted  through 
in  line  with  tlic  grain  slct.  Complex  grooves  developed  downstream  of  the 
nose  cap  slot.  Only  two  nozzle  failures  occurred.  Che  large  scale  tungsten 
insert  (500-pound  grain  test)  was  elected  at  20  seconds.  This  was  a  result 
of  extensive  carbide  formation  followed  by  buckling  and  obtrusion.  The 
failure  of  one  of  the  small  nozzles  (100  pound  grain;  occurred  in  t'ue  pro¬ 
gram.  and  that  was  a  direct  result  of  a  gas  leak  a^  the  aft  closure  -  no’zl: 
in^et  interface.  Some  of  the  pressure  and  thermocouple  data  were  lost  due 
to  the  Jtwo  jiozz le  failures  and  poor  Installation.  T^e  great  majority  of  the 
specif  ic  *t*'st  objectives  were  achieved. 

Section  3.3  and  Appendices  IV  through  IX  describe  the  results  of  the  pest 
test  analyses  applied  to  characterize  nozzle  performance.  Cross  sectional 
views  of  the  nozzles  after  removal  of  loose  deposits  are  shown  in  Appendix  IV. 
The  condition  of  each  nozzle  is  discussed.  The  nozzle  deposits  and  chamber 
slag  were  sampled  and  analyzed  by  X-ray  diffraction.  The  samples  were 
predominantly  composed  of  the  oxides,  asbestos  decempos it  ion  products  and 
carbon.  Beryllium  carbide,  tungsten  species  ai.J  aluminum  metal  were  also 
found  on  :he  aopropriate  tests.  Typical  hollow,  soherical  alumina  particles 
were  collected  from  the  plume  on  the  aluminum  grain  tests.  The  berylli' 
appeared  as  hexagonal  rods,  the  majority  of  which  were  much  smaller  than 
the  alumina  pa’^ticles.  No  irpuriiles  were  d- tec  ted  in  a.  y  of  the  plume 
samples  collected.  Nozzle  throat  dep^'sition ^erosion  histories  were  cal¬ 
culated  for  each  test  and  are  given  in  Appendix  V.  ?'hroat  deposit  thick¬ 
nesses  depend  on  the  propellant,  grain  df-sign,  motor  f  '-nf igurat ion ,  nozzle 
contour  and  threat  heat  sink  capacity.  The  deposit  ^iiickness  histories 
appear  to  be  reproducible.  Cn  one  500  pound  grain  test  with  the  nozzle 
submerged  to  15  percent,  tlicre  was  no  ne*’  Jacrease  in  throat  radius.  The 
throat  erosion  on  that  test  was  over  100  percent  gre ’.tei  than  for  an 
identical  test  witti  10  'orcvnt  submergence.  Aiunurir.Ti  prop  1  lant  tests  gave 
results  qualitatively  similar  to  the  beryllium  results.  Tl'e  depos  nistories 
show  that  throat  corrosion  occurred  before  the  arriva:  ,'f  deposits  _o 
protect  the  throat  on  several  tests  but  pori.;a':ly  ocerrr'-d  af'er  the  deposit  ', 
had  melted  anii  flowed  awav  fren’'  the  thro.jt.  A  calcu '  ,.l  l  'n  meth'd  ur-ng  tb.rust 
and  pressure  data  is  preferred  to  one  uslnv  grain  burainr  rate  and-  pro  ssi'ii' 
data.  Schema  t  i  c  representations  or  ex’w-;ust  iK-w  f'clds  and  re’ativ'c 
pa.rcieiv'  imp  ingez'en''  rates  are  givi-n  in  Appendix  v  I  T  .  The  qual  i  c  :it  i  ve  flow 
f'ield  analysis  is  used  to  explain  tise  no.-zle  grooving,  which,  occurred  .'n  the 
slotted  grain  tests.  Th.e  ballisti:.  per  ^rrmar.ce  (fticieicies  wer  calcu’.ited 
for  each  tost  and  adjusted  to  appi  ox  i-e.t  e  1  v  av.<:.'unt  for  h.e.it  transfer, 

■d.epo  s  i  t  ion  ,  deposit  expvilsi.in  and  divergence  losses  i.Xppci'idix  VI).  .Ana  ' -c  -  s 
ef  the  rc';ul’'s  inaicated  that  poor  c.mhi!s,.ion  i'ad  .Kc.rred  on  sor:e  tests 
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while  the  majority  were  highly  efficient.  Errors  in  the  data  and  averaging 
effects  are  discussed.  Nozzle  throat  temperature  histories  and  heat  transfer 
coefficients  are  given  in  Appendix  VIII.  These  data  agreed  well  with 
theoretical  predictions.  Deposits  and  poor  propellant  combustion  reduce 
the  effective  nozzle  heat  transfer  considerably.  Circumferentially  non 
uniform  heating  was  associated  with  the  slotted  grain  tests.  The  slotted 
grains  and  submerged  nozzles  gave  results  above  predicted  values.  Nozzle 
throat  corrosion  data  are  given  in  Appendix  IX.  On  a  large  number  of 
tests,  no  corrosion  occurred  at  all.  The  others  yielded  results  which 
compare  reasonably  well  with  previous  experience  and  simple  corrosion  rate 
prediction  theory.  The  corrosion  rate  data  is  somewhat  confused  by  non- 
uniform  oxide  deposition.  Deposition  protection  prevailed  over  most  of  the 
faring  period  and  must  be  accounted  for  in  determining  corrosion  rates. 


Section  3.6  briefly  discusses  the  program  results  in  terms  of  the  program 
objectives  and  future  motor/nozzle  design  requirements.  Tungsten,  graphite 
and  plastic  insulation  materials  can  be  used  with  either  beryllium  or 
aluminum  propellants.  There  are  no  essential  differences  in  the  chemical 
or  thermophysical  degradation  mechanisms  in  these  systems.  Incomplete  com¬ 
bustion  of  beryllium  propellants  is  the  primary  cause  of  excessive  graphite 
nozzle  corrosion.  Poor  combustion  may  be  accompanied  by  an  incre-ase  in 
deposition  which  will  temporarily  protect  the  nozzle.  The  high  melting 
point  of  beryllia  permits  deposi‘-icn  protection  to  persist  longer  relative 
to  alumina.  Order  ot  magnitude  increases  in  corrosion  can  result  when  poor 
combustion  is  not  accompanied  by  deposition  protection.  This  is  most  likely 
to  occur  when  unusually  high  turbulence  or  exhaust  flow  stagnation  occurs 
locally  along  the  motor /nozzle  contour.  It  can  also  occur  for  deeply  submerged 
nozzles  which  prevent  deposit  formation.  Thermal  stress  induced  surface 
spallation  of  graphites  will  extensively  increase  the  surface  regression. 
Chemical  reaction  heat  absorption,  blowing  and  surface  roughness  effects 
should  be  accounted  for  in  heat  transfer  prediction.^  for  graphite  nozzles. 

Low  Prandtl  numbers  and  unequal  diffusional  mass  transfer  coefficients 
should  be  accounted  for  in  boundary  layer  transport  analysis.  Water,  carbon 
dioxide,  hydrogen  and  nitrogen  are  the  dominant  exhaust  specias  which 
actack  graphites.  Tungsten  fails  by  thermal  shock  fragmentation,  plastic 
deformation  ap'l/or  formation  of  low  melting  carbides.  Low  meltii.3  aluminum 
and  beryllium  alloys  of  tungster  may  also  be  formco  but  have  not  been 
observed.  Many  nozzle  failures  ia  the  past  are  attvibuted  to  underestima¬ 
tion  of  nozzle  heat  transfer  and  nonuniform  exlr-ust  flow  field  effects. 

Future  designs  should  insure  a  high  degree  of  metal  combustion,  uniform 
exhaust  flow  fields  and  control  of  o.^ide  deposition.  Improved  awareness  or 
the  influence  of  propellant  selection,  grain  design  and  motor /nozz le  contour 
effects  01.  nozzle  materials  per ''ormance  will  lead  to  optimum  nozzle  materials 
and  ballistic  performance.  Beryllium  prepeUants  studied  in  this  program 
are  marginal  in  terms  of  metal  combustion  efficiency.  Their  use  could 
require  design  restrictions  which  are  potentially  undesirable. 
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Section  IV  qualitatively  describes  an  improved  approach  to  nozzle  design 
and  performance  analysis.  Basically,  it  requires  that  specific  considera¬ 
tion  be  given  to  the  motor  design  parameters  which  have  a  recognized 
influence  on  nozzle  materials  performance.  In  the  absence  of  specific  data 
or  prior  experience,  laboratory  and  scale  motor  tests  are  required  to 
validate  important  assumptions  or  to  provide  empirical  adjustments.  Once 
decisions  or  assumptions  are  made  concerning  the  metal  combustion  efficiency, 
internal  flow  field  details  and  particle  impingement,  parametric  characteri¬ 
zation  of  the  deposition  radiation,  convection,  corrosion  and  surface  erosion 
processes  are  required.  Well  developed  analytical  techniques  are  recommended 
when  they  are  available.  Otherwise,  approximate  or  preliminary  techniques 
are  suggested.  Then,  the  nozzle  thermal  response,  deposition,  nozzle  corro¬ 
sion  and  motor  pressure  are  calculated  simultaneously,  with  coupling  effects 
included.  The  structural  stability  of  the  nozzle  and  its  contour  is  evaluated 
using  the  calculated  thermal  response.  Iteration  can  be  used  to  determine 
the  importance  of  any  assumptions  made  in  the  process  and/or  to  optimize 
the  nozzle  or  motor/nozzle  design.  The  extension  of  the  analytical  method 
to  other  solid  and  liquid  propulsion  systems  is  briefly  discussed. 

The  major  program  conclusions  are  presented  in  Section  V.  These  are  organized 
under  the  following  headings;  (1)  Nozzle  materials  performance,  (2)  Pro¬ 
pellant  combustion  efficiency,  (3)  Effects  of  poor  metal  combustion, 

(4)  Nozzle  heat  transfer,  (5)  Nozzle  corrosion,  (6)  Nozzle  mechanical  erosion, 
(7)  Oxide  deposition,  (8)  Grain  design,  (9)  Nozzle  design,  (10)  Motor  testing, 
and  (11)  Analytical  developments.  Emphasis  is  placed  on  the  means  of 
achieving  adequate  nozzle  and  motor  ballistic  performance.  Ultimately,  this 
requires  an  improved  understanding  of  the  character  of  the  propellant 
exhaust,  its  actions  upon  the  hardware  and  the  reactions  of  the  hardware  to 
such  actions.  The  conclusions  qualitatively  describe  the  important  char¬ 
acteristics  of  beryllium  propellants  and,  more  generally,  solid  propellants. 

In  some  areas,  more  detailed  conclusions  may  be  found  in  the  technical  prog¬ 
ress  reports. 

The  major  program  recommendations  are  presented  in  Section  VI.  These  are 
organized  under  the  following  headings:  (1)  Propellant  selection, 

(2)  Advanced  nozzle  design,  (3)  Motor  testing,  (4)  Analyses  development, 
and  (5)  Program  results.  Again,  the  emphasis  is  placed  on  the  further 
development  and  application  of  the  program  results  to  optimize  nozzle  per¬ 
formance  and  minimize  the  occurrence  of  nozzle  performance  problems.  Pro¬ 
pellant  selection  criteria  should  include  consideration  of  combustion 
mechanics  and  efficiency.  Propellant  selection  should  also  be  compatible 
with,  the  motor  configuration  and  grain  design  requirements.  The  selection 
of  advanced  and  cooled  nozzle  designs  should  consider  the  detailed  effects, 
disadvantages  and  advantages  of  oxide  deposition.  Future  motor  testing  is 
desirable  to  further  clarify  the  effects  of  the  major  motor  design  parameters 
on  nozzle  corro.sion,  deposition  and  heat  transfer  in  aluminum  and  beryllium 
systems.  Further  development  of  the  analytical  characterization  of  these 
processes  is  also  required.  Tht  relatively  general  and  basic  character  ot 
the  program  result.s  suggest  that  they  should  be  extendeu  to  hybrid,  fuel 
rich,  gel  and  liquid  propellant  systems. 
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SECTIOfI  III  (C) 

ROCKET  MOTOR  TEST  PROGRAM  RESULTS 


3.1  (C)  PROPELLANT  SELECTION  AND  CHARACTERIZATION 

a.  (C)  Program  Propellant  Selection 

An  initial  step  in  the  program  was  to  classify  the  available  beryllium 
propellants.  Candidate  state-of-the-art  formulations  were  required  to  have 
standard  impulse  values  above  280  seconds  and  ideal  flame  temperatures 
above  3400°K.  Composite  modified  double  base  propellants  were  classified 
according  to  their  ingredients  as  shown  in  Table  I.  Similarly,  composite 
propellants  were  grouped  as  shown  in  Table  II.  Within  each  group,  propel¬ 
lants  were  rated  according  to  a  particular  oxidation  ratio  referred  to  as 
XSO  (excess  oxygen) .  This  parameter  is  related  to  the  oxidation  potential 
of  the  ideal  exhaust  and  is  defined  as  the  number  of  gram  atoms  of  oxygen 
less  the  sum  cf  the  grani  atoms  of  carbon  and  beryllium  in  the  formula. 

Four  beryllium  propellants  were  selected  to  provide  reasonable  ranges  in 
flame  temperature,  XSO  and  ingredients.  Each  of  these  propellant  charac¬ 
teristics  was  assumed  to  be  closely  related  to  the  propellant  combustion, 
oxide  deposition  and/or  nozzle  heat  transfer  phenomena.  A  CMDB  propellant 
was  chosen  from  Group  I  to  have  a  high  flame  temperature  and  XSO  =  0.15. 

A  companion  CMDB  propellant  was  chosen  from  Group  111  to  more  closely  approx¬ 
imate  a  double  base  propellant  and  to  have  XSO  0.05.  Two  composite  pro¬ 
pellants  were  chosen  from  Group  I  to  obtain  XSO  =  0.15  and  0.30.  The  nom¬ 
inal  beryllium  metal  content  was  set  at  12  percent  for  all  propellants. 

The  selected  propellants  were  named  according  to  the  closest,  standard, 
Atlantic  Research  Corporation  propellant  with  the  letter  "F"  appended  to 
designated  this  particular  series.  Relatively  minor  tailoring  of  the 
standard  propellants  was  necessary  to  achieve  the  desired  XSO  values  and 
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TABLE  1.  COMPOSITE  MODIFIED  DOUBLE  BASE  PROPELLANTS 


Grom)  I 


Group  II 


Group  III 


Group  IV 


TMETN 

Resorcinol 

TriaceLin 

2-NDPA 

Plasticized 

Nitrocellulose 

Bery] lium 

Ammorium 

Perchlorate 

(large 

quantities) 


TMETN 

Resorcinol 

2-NDPA 


Nitroglycerine 

(small 

quantities) 

Plasticized 

Nitrocellulose 

Beryllium 

Ammonium 

Perchlorate 


TMETN 

Resorcinol 

Triacetin 

2-NDPA 


Nitroglycerine 

(small 

quantities) 

Plasticized 

Nitrocellulose 

Beryllium 

Ammonium 

Perchlorate 


Resorcinol 

Triacetin 

2-NDPA 

RDX  or  HMX 
(large  quantities) 

Nitroglycerine 
(large  quantities) 

Plasticized 

Nitrocellulose 

Beryllium 

Ammonium 
Perchlorate 
(small  quantities) 


Propellants 


Arcocel  317 
Arcocel  191C 


Arcocel  319B 
Lockheed  1009 


Arcocel  319BR 


Hercules  VCP 
Hercules  VCN 


TABLE  II.  COMPOSITE  PROPELLANTS  (C) 


Group  I 


Group  II 


Group  II 


Polyurethane 

Beryllium 

Ammonium  Perchlorate 


Nitroplasticized 

Polyurethane 

Beryllium 

Ammonium  Perchlorate 


Polybutadiene 
Beryllium 
A^^monium 
P(.  -chlorate 


Typical  Propellants 


Arcane  5+ 
Arcane  24 


Aerojet  ANP  2991 


NITS  C3-11 

Thiokol 

TP-H-1092 

Aerojet 

ANB-3084-2 
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a  common  nominal  burn  rate.  The  specific  formulas  for  the  Arcocel  191F, 
319BRF,  Arcane  54F  and  24F  propellants  are  given  in  Appendix  I.  Additional 
discussion  of  the  propellant  characterization  and  selection  process  may  be 
found  in  Section  2.2  of  Reference  1. 

To  obtain  a  direct  comparison  between  beryllium  and  aluminum  propellants, 
three  aluminum  analog  formulations  were  selected.  These  were  developed 
by  using  the  same  ingredients  as  for  the  beryllium  propellants,  excluding 
the  Arcane  24F.  It  was  further  required  that  XSO  and  ideal  flame  tempera¬ 
ture  be  matched  within  analog  pairs.  The  aluminum  propellants  were  desig¬ 
nated  Arcocel  389,  390  and  Arcane  60.  Specific  formulas  of  these  propel¬ 
lants  are  given  in  Appendix  I. 

b.  (C)  Ideal  and  Nonideal  Propellant  Performance 

Standard  isentropic  expansion  calculations  were  performed  for  all  seven  of 
the  selected  propellants.  Ideal  ballistic  performance  data  (C*,  Isp  and  Cp) 
were  obtained  for  both  the  equilibrium  and  frozen  expansion  assumptions. 

The  results  are  summarized  in  Table  VI  of  Reference  1.  These  data  were 
subsequently  used  in  computing  delivered  performance  efficiencies  for  the 
actual  motor  tests.  All  calculations  were  based  on  the  nominal  800  psia 
chamber  pressure  and  an  ambient  pressure  of  13.2  psia.  The  beryllium  pro¬ 
pellants  had  impulse  values  close  to  280  seconds  compared  to  about  260  for 
the  aluminum  analogs.  Beryllium  C*  values  ranged  from  about  5400  to 
5510  ft/sec.  The  aluminum  analog  values  ranged  from  5120  to  5280  ft/sec. 

The  first  order,  nonideal  combustion  effect  was  believed  to  derive  directly 
from  the  slow  or  incomplete  combustion  of  the  metal  additive.  This  effect 
was  examined  by  varying  the  percentage  of  metal  entering  the  thermodynamically 
simulated  combustion  reaction.  The  unburned  metal  was  carried  as  an  inert 
specie  with  the  specific  heat  of  the  condensed  metal.  No  vapor  specie  for 
the  unb-.rned  metal  was  admitted.  Standard  performance  calculations  were 
then  performed  over  the  range  of  0  to  90  percent  metal  combustion.  Typical 
variations  in  C*  and  Isp  for  the  program  propellants  are  plotted  in 
Figures  4  through  7  in  Reference  1  and  the  ranges  in  performance  are  tabu¬ 
lated  on  Page  16  of  Reference  2  for  all  seven  propellants.  Both  C*  and  Isp 
were  found  to  be  approximately  linear  functions  of  the  percent  metal  combus¬ 
tion.  With  0  percent  metal  burned,  the  minimum  C*  and  Isp  efficiencies 
were  in  the  range  of  76  to  80  percent.  It  follows  directly  that  measured 
motor  performance  values,  once  corrected  for  other  losses,  can  be  used  to 
estimate  metal  combustion  efficiency. 

c.  (C)  Ideal  and  Nonideal  Exhaust  Composition 

Equilibrium  exhaust  compositions  were  obtained  along  with  the  ballistic 
performance  data.  Major  specie  concentration  data  for  the  case  of  ideal 
combustion  are  given  in  Table  VII  of  Reference  1  for  the  seven  propellants. 

The  most  prevalent  species  were  CO,  H2,  N2,  H2O,  CO2,  H,  OH  and  the  condensed 
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oxides.  These  data  are  compared  with  similar  data  for  the  case  of  0  per¬ 
cent  Be  netal  combustion  in  Table  I  of  Reference  3.  Large  increases  in  the 
concentration  of  CO2,  H2O  and  HCl  are  accompanied  by  commensurate  reductions 
in  the  amounts  of  CO,  H2,  H  and  minor  chlorine  species.  Thus,  the  formula 
quantity  of  oxygen  which  does  not  combine  with  the  metal  additive  appears 
as  gaseous  species  which  are  known  to  contribute  to  nozzle  corrosion.  With 
no  metal  combustion,  the  value  of  the  XSO  parameter  may  increase  from 
[0  -  (Be  +  C)  ]  to  X  [0  -  c]  ;  where  X  is  0.68  for  both  the  beryllium  compos¬ 
ites,  0.57  for  Arcocel  191F  and  0.78  for  Arcocel  319BRF. 

A  more  dramatic  illustration  of  the  effect  of  incomplete  metal  combustion 
on  the  exhaust  oxidation  potential  (relative  to  both  the  unburned  metal 
particles  and  the  motor/nozzle  materials)  can  be  seen  in  Figures  8  and  9 
of  Reference  1.  There,  the  sum  of  the  moles  of  oxidizing  species  (CHO,  CO2J 
OH,  H2O,  NO,  0  and  O2)  are  plotted  against  percent  metal  burned.  This  sum 
should  be  closely  related  to  the  XSO  parameter  since  each  specie  (except 
for  O2)  has  only  one  available  oxygen  atom.  However,  at  100  percent  combus¬ 
tion,  the  number  of  moles  of  oxidizing  species  is  greater  than  XSO  (approx¬ 
imately  twice).  This  is  primarily  because  some  of  the  beryllium  metal 
appears  as  chlorides  and  not  all  of  the  carbon  appears  as  CO.  The  varia¬ 
tion  of  the  moles  of  oxidizing  species  is  approximately  a  linear  function 
of  the  amount  of  metal  burned.  The  magnification  of  the  apparent  exhaust 
oxidation  potential  is  approximately  a  factor  of  9  to  12  for  the  XSO  =  0.15 
propellant,  25  for  the  XSO  =  0.05  propellant  and  5  for  the  XSO  =  0.30  pro¬ 
pellant.  These  results  generally  indicate  that  the  Be  and  A1  metal  parti¬ 
cles  must  burn  primarily  via  reactions  with  H2O  and  CO2,  the  concentrations 
of  which  decrease  in  proportion  to  the  amount  of  metal  actually  burned. 
Obviously,  it  will  be  difficult  to  burn  all  the  metal,  while  it  remains  in 
condensed  form,  unless  the  propellant  is  adequately  over  oxidized.  It 
follows  that,  the  lower  the  ideal  flame  temperature  and/or  chamber  velocity, 
the  higher  the  oxidation  ratio  or  XSO  should  be  to  achieve  complete  combus¬ 
tion  of  the  metal. 

A  brief  investigation  of  the  effects  of  diluting  the  exhaust  gases  with 
phenolic  insulation  pyrolysis  products  was  conducted.  The  results  are  pre¬ 
sented  and  discussed  on  Pages  18-21  of  Reference  2.  Basically,  it  was 
shown  that  the  carbon  and  hydrogen  rich  pyrolysis  gases  would  tend  to 
extinguish  any  burning  metal  particles  immersed  in  exhaust/pyrolysis  gas 
mixtures.  The  mixture  temperatures  were  not  greatL-  altered  by  gas-gas 
reactions,  although  such  reactions  were  found  to  be  slightly  endothermic. 

It  was  concluded  from  this  limited  study  that  the  mixing  of  incompletely 
burned  exhausts  with  pyrolysis  gases  would  not  lead  to  excessive  nozzle 
corrosion,  or  heating.  However,  such  mixtures  would  be  significantly 
enriched  in  hydrogen,  hydrocarbons  and  carbon  monoxide.  This  would  occur 
regardless  of  the  degree  of  beryllium  or  aluminum  combustion.  The  exhaust/ 
pyrolysis  gas  mixtures  would  be  more  corrosive  than  the  pure  propellant 
exhaust  gases  via  the  graphite-hydrogen  and  tungsten-hydrocarbon  reactions. 
In  fact,  the  exposure  of  tungsten  to  hydrocarbon  pyrolysis  gases  and 
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acetylene  (graphite  or  carbon  char-hydrogen  reaction  product)  has  been 
suggested  as  a  primary  causal  factor  in  tungsten  insert  failures, 

d.  (C)  Metal  Combustion  Mechanics 

In  support  of  the  premise  that  poor  beryllium  metal  combustion  is  a  major 
contributor  to  the  nozzle  performance  problem,  a  simplified  qualitative 
combustion  model  was  formulated.  This  model  provided  a  basis  for  selecting 
specific  thermochemical  and  ballistic  performance  calculations,  some  of 
which  have  been  described  in  the  preceding  paragraphs.  In  addition,  the 
selection  of  many  of  the  motor/nozzle  designs  and  the  interpretation  of 
test  results  were  strongly  influenced  by  the  qualitative  model.  Actually, 
the  model  was  progressively  developed  as  is  described  in  Sections  2. 2. a 
of  References  1  through  4.  The  essence  of  the  model  and  the  practical 
implications  are  briefly  discussed  below. 

The  qualitative  combustion  model  concentrates  on  the  behavior  or  life 
history  of  the  metal  particles.  Typically,  the  beryllium  or  aluminum 
particles  are  approximately  spherical  with  a  mass  mean  diameter  of  15  to 
20  microns  and  a  size  range  of  1  to  40  or  50  microns.  Usually,  most  of 
the  oxidizer  is  also  in  a  dispersed  particulate  form.  HMX  or  RDX  ball 
powder  is  about  the  same  size  as  the  metal  and  amnonium  perchlorate  parti¬ 
cles  may  reach  300  microns  in  diameter.  The  particulate  or  solid  phases 
are  presumed  to  be  uniformly  distributed  in  the  relatively  continuous 
binder  phase.  A  key  assumption  of  the  model  is  that  the  propellant  ingre¬ 
dients,  exclusive  of  the  metal  particles,  burn  to  near  thermodynamic  equil¬ 
ibrium  at  or  very  close  to  the  grain  surface.  In  other  words,  the  first 
stage  of  solid  propellant  combustion  proceeds  essentially  as  though  the 
metal  were  not  present.  When  some  or  all  of  the  oxidizer  is  in  particulate 
form,  the  flame  will  have  a  complex  structure.  Significant  thermal  and 
chemical  gradients  are  likely  to  persist  to  distances  from  the  grain  surface 
of  the  order  of  5  to  10  times  the  diameter  of  the  largest  oxidizer  particles. 
The  roughness  of  the  grain  surface  will  also  depend  on  the  size  and  behavior 
of  the  particulate  ingredients.  However,  the  grain  surface  is  assumed  to 
retreat  in  a  nominally  linear  fashion. 

The  metal  particles  initially  exist  within  the  propellant  at  the  prelgnltion 
grain  soak  temperature.  As  a  metal  particle  "approaches"  the  grain  surface, 
it  is  heated  somewhat  because  heat  conduction  into  the  propellant  establishes 
a  significant  gradient  normal  to  the  burning  surface.  Due  to  its  superior 
heat  sink  qualities,  the  metal  particle  temperature  will  lag  that  of  the 
binder  phase  in  which  it  resides.  The  particle  eventually  emerges  at  the 
grain  surface  which  may  be  essentially  solid  (composite  propellants)  or  a 
"fizz"  layer  (double  base  propel  1  ants) .  While  the  particle  resides  at  the 
grain  surface,  it  will  be  heated  by  convection,  radiation  and  surface  oxi¬ 
dation  reactions.  During  this  time  the  particles  may  melt,  melt  and 
agglomerate,  and/or  develop  a  significant  oxide  skin.  Ultimately,  the 
particles  and  agglomerates  will  be  lifted  or  ejected  from  the  grain  surface 
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and  carried  away  by  the  gaseous  combustion  products.  Ihe  second  key 
assumption  of  the  model  is  that  the  majority,  if  not  all,  of  the  metal 
particles  and  agglomerates  ignite  and  burn  only  after  they  have  been 
detached  from  the  grain  surface.  The  particles  are  presumed  to  undergo 
only  surface  oxidation  reactions  until  their  ignition  temperatures  ore 
reached,  after  which  combustion  proceeds  primarily  via  vapor  phase  react¬ 
ions.  Finite  times,  which  depend  on  the  metal  particle  or  agglomerate 
size,  are  required  before  ignition  occurs  or  metal  combustion  is  completed. 
Should  these  times  be  excessive,  metal  may  pass  the  nozzle  throat  or  exit 
plane  without  reacting.  The  implications  in  terms  of  ballistic  performance 
have  already  been  discussed  while  the  attendant  corrosion,  heat  transfer 
and  deposition  effects  will  be  described  in  subsequent  paragraph.^.  For 
the  present,  attention  will  be  focu.sed  on  comparing  the  combustion  of 
aluminum  and  beryllium.  Because  of  the  importance  of  metal  particle  size 
in  the  combustion  process,  the  metal  agglomeration  question  is  emphasized. 

The  aluminum  and  beryllium  analog  tests  utilized  grains  which  contained 
approximately  the  same  nutaber  of  metal  particles  with  similar  size  distri¬ 
butions.  Note  that  the  density  of  aluminum  is  about  150  percent  of  that  of 
beryllium  and  aluminum  weights  are  about  !  65  percevit  of  the  beryllium 
weights.  The  specific  heat  of  berylliu.i  is  ab'juc  2  to  3  times  that  of 
aluminum  over  the  temperature  range  from  ambient  to  their  melting  points. 

The  heats  of  fusion  for  the  two  metals  is  approximately  the  .same.  The 
melting  point  of  aluminum  is  930'K  compared  to  L550°K  for  beryllium. 

Noting  that  flame  standoff  distances  are  typically  greater  than  the  metal 
particle  diameter,  it  follows  that  it  may  be  cod'-- ider ably  more  difficult 
to  melt  beryllium  at  the  grain  surface  than  aluminum.  Significant  surface 
oxidation  of  the  particles  can  accelerate  melting  but  it  is  not  likely 
that  such  oxides  would  also  melt.  Melting  is  presumed  to  be  necessary  to 
permit  metal  particle  agglomeration.  However,  the  development  of  a  solid 
oxide  shell  on  tl.e  metal  particle  could  retard  agglomeration.  Evidently 
then,  t'le  agglomeration  phenom.enon  may  depend  cn  the  oxygen-carbon  ratio 
of  the  binder  and  the  size  of  the  oxidizer  particle.s.  Of  course,  the  metal 
particles  may  move  about  on  the  burning  surface,  colliding  with  oxidizer 
and  other  metal  particles. 

In  composite  propellants,  the  metal  particles  may  become  trapped  between 
the  large  ammonium  perchlorate  particles.  While  they  may  melt  under  these 
circumstances,  their  gaseous  environment  will  probably  not  favor  surface 
oxidation.  Such  agglomerate.s  may  be  :<lown  off  the  surface  due  to  the 
gasification  of  the  underlying  bi.nuer  via  heat  conduction  through  the  metal. 
Double  base  propellants  m.ay  not  restrict  the  motion  of  the  metal  particles 
(.relative  to  composites)  ann  agglomeration  should  occur  via  a  cirei  f  -.ilM- 
sion  mechanism.  CMDB  propellants  would  logically  behave  in  an  intermediate 
manner . 
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In  composite-aluminum  systems,  it  is  predicted  that  surface  agglomeration 
will  be  essentially  independent  of  flame  temperature.  Agglomeration  will 
be  proportional  to  the  ammonium  perchlorate  particle  size  and,  therefore, 
inversely  proportional  to  burn  rate.  In  the  composite-beryllium  system, 
there  may  be  a  sharp  change  in  agglomeration  behavior  as  the  flame  temper¬ 
ature  is  increased.  At  low  ideal  flame  temperatures,  there  may  not  be  any 
agglomeration;  at  very  high  temperatures  the  metal  will  melt  and  agglomerat 
as  in  the  aluminum  system;  at  intermediate  temperatures  the  metal  particles 
may  stick  together,  forming  aggregates.  Ammonium  perchlorate  particle 
size  effects  should  be  similar  for  both  metals  when  melting  actually  occurs 
However,  consideration  of  the  density  differences  between  the  metals  sug¬ 
gests  that  the  beryllium  particles  will  be  more  easily  lifted  from  the 
grain  surface,  possibly  tending  to  reduce  the  number  and  size  of  agglomeL- 
ates  relative  to  aluminum.  Note  that  the  smallest  panicles  will  be  rela¬ 
tively  easy  to  remove  from  the  grain  surface.  Rotational  and  axial  accel¬ 
eration  effects  may  also  be  important  in  combustion. 

In  double  base  aluminum  systems,  it  is  predicted  that  agglomeration  will  be 
less  extensive  and  more  strongly  dependent  on  burn  rate  than  for  composites 
Agglomeration  may  be  inversely  proportional  to  the  ratio  of  nitroglycerine 
and  nitrocellulose  to  the  particulate  oxidizer  (such  as  HMX) .  In  the  doubl 
base-beryllium  system,  a  demarkation  could  again  occur  when  the  flame  temp¬ 
erature  becomes  high  enough  to  cause  melting  of  the  particle  surface. 

Again,  the  CMDB-aluminum  and  beryllium  system  should  exhibit  a  combination 
of  the  agglomeration  characteristics  of  botn  the  composite  and  double  base 
systems.  Metal  density  and  particle  size  effects  should  be  the  same  as  for 
composites . 

Eventually,  all  metal  particles  and  agglomerates  will  be  lifted  from  the 
grain  surface,  pass  through  the  flame  and  enter  the  higher  temperature 
exhaust.  From  this  point  on,  it  is  argued  that  the  determining  factors 
in  combustion  are  the  local  flame  temperature,  the  particle  size  distri¬ 
bution,  the  local  exhaust  gas  composition,  the  nature  of  the  particular 
metal  and  the  exhaust  flow  field.  Obviously,  the  flame  temperature  can 
only  increase  if  the  metal  actually  burns.  An  ignition  delav  occurs  pri¬ 
marily  because  the  metal  leaves  the  grain  surface  betore  being  heated  to 
the  ignition  temperature.  Both  surface  oxidation  and  partible  lag  induced 
convective  heating  (and  possibly  radiation)  will  occur.  The  surface 
reactions  are  likely  to  promote  the  development  of  an  oxide  shell  which 
will  act  as  a  diffusion  barrier  against  further  reactions.  The  velocity 
lag  heating  will  depend  on  the  difference  between  the  particle  surface  and 
the  local  exhaust  temperatures  as  well  as  the  difference  between  the  gas 
and  particle  velocities.  If  the  exhaust  gas  temperature  should  be  less 
than  the  ignition  temperature,  ignition  may  not  occur  at  all.  (It  should 
be  noted  that  as  rong  as  some  surface  oxidation  reactions  occur,  the  par¬ 
ticle  temperature  may  rise  to  levels  above  the  local  exhaust  gas 
temperature . ) 
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Ignition  is  said  to  occur  when  the  reactions  begin  to  accelerate.  For 
beryllium  and  aluminum,  this  occurs  when  the  partial  pressures  of  metal 
vapor  above  the  liquid  becomes  significant.  This  vapor  diffuses  through 
the  oxide  shell  to  the  particle  surface  and  beyond.  When  the  vapor  reacts 
with  the  exhaust  gases  (primarily  H2O  and  CO2) ,  heat  is  generated.  Some 
of  the  heat  is  transferred  back  to  the  metal,  causing  its  temperature  and 
vapor  generation  rate  to  increase.  The  post-ignition  combustion  process 
may  be  extremely  rapid  unless  (1)  the  oxide  reaction  product  condenses  on 
the  particle  surface,  restricting  the  vapor  diffusion,  or  (2)  there  is  not 
sufficient  oxygen  available  in  the  exhaust  to  sustain  the  reaction.  Pre¬ 
sumably  secondary  reactions  between  water  vapor  and  the  surface  oxides  can 
produce  gaseous  hydroxides  which  may  limit  the  oxide  shell  growth.  If  the 
oxygen  supply  is  locally  depleated,  the  unburned  metal  will  continue  to 
evaporate.  Unburned  metal  vapcr  would  burn  completely  as  air  mixes  with 
the  plume  while  unevaporated  metal  might  survive  the  expansion  and  plume 
mixing  processes. 

Flame  temperatures  were  calculated  as  a  function  of  the  fraction  of  the 
metal  burned  for  all  of  the  program  propellants.  Sample  results  may  be 
seen  in  Figures  10  and  11  of  Reference  1.  The  temperature  varies  in  a 
nearly  linear  fashion  between  the  0  and  100  percent  metal  combustion 
e.xtr ernes.  According  to  the  combustion  model,  the  flame  temperature  prior 
to  any  significant  metal  combustion  must  be  above  the  metal  ignition  temp¬ 
erature  to  achieve  rapid  combustion.  The  upper  limit  for  the  ignition 
temperatures  of  aluminum  and  beryllium  may  be  taken  to  be  the  metal  oxide 
melting  points,  2300°K  and  2835'’K,  respectively  (Reference  5).  The  minimum 
ign’tion  temperatures  depend  on  the  oxidizing  species,  the  concentration 
of  the  oxidizing  species  and  the  system  pressure.  In  the  presence  of  signif¬ 
icant  amounts  of  water  vapor,  beryllium  may  ignite  at  temperatures  as  low  as 
1900‘’K.  Aluminum  ignition  temperatures  apparently  are  not  so  easily  lowered. 

It  is  likely  that  the  -^iffusivity  of  the  oxidizing  and  metal  vapor  species 
through  the  oxide  shell  and  the  gaseous  hydroxide  stability  are  not  the  same 
in  the  two  metal  systems.  .At  least  as  a  first  approximation,  the  aluminum 
ignition  temperature  is  presumed  to  be  cl^se  to  2300'^K  w''ile  that  for  beryl¬ 
lium  may  v,.“y  from  1900'''K  to  2835'K  as  the  water  vapor  concentration  decreases. 

The  aluminum  propellants,  Arcocel  389,  390  and  Arcane  60,  l^ave  minimum  fl£ime 
tem.peratures  (0  percent  metal  combustion)  of  2500,  2390  and  2060"  K,  respec¬ 
tively.  Note  ttiat  metal  ignition  may  be  most  difficult  for  tlie  .Arcane  60 
propellant.  The  beryllium  propellants.  Arcocel  191F,  319BRF,  .Arcane  54F 
and  24F ,  have  minimum  flame  temperatures  of  2393,  2287,  1978  and  2034 '’K, 
respectively.  Evidently,  ignition  should  be  relatively  more  difficult  in 
the  composite  systems  while  all  four  propellants  could  exhibit  marginal 
combustion  characteristics.  Note  that  25  percent  of  the  beryllium  in  the 
Arcocel  191F  u,  ist  burn  before  the  exhaust  l.acie  temp-'rature  reaches  the 
beryilia  melting  point:  the  cor respond ing  figure  is  nearly  50  percent  for 
the  .-rcane  54F  propellant. 
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The  smallest  particles  should  have  the  shortest  ignition  delays  and  total 
combustion  times.  Conversely,  metal  agglomerates  or  tno  largest  original 
metal  particles  will  require  the  longest  times  to  corplete  combustion.  The 
lower  density,  higher  melting  point  and  higher  heat  capacity  of  the  beryl¬ 
lium  suggest  that  ignition  delays  may  be  about  5  times  the  values  for  equal 
sized  aluminum  particles.  As  long  as  the  flame  temperature  remains  below 
the  beryllia  melting  point,  beryllium  combustion  is  likel/  to  je  slo’.ver 
than  for  aluminum.  Clearly  then,  in  comparing  the  metal  combustion  delays 
for  different  propellants,  the  agglomeration  and  flame  temperature  charac¬ 
teristics  must  be  considered.  It  is  predicted  that  when  the  minimum  pro¬ 
pellant  flame  temperatures  (no  metal  combustion)  are  above  23C0°K  for 
aluminum  and  above  2835'’K  for  beryllium,  both  th'^  agglomeration  and  metal 
combustion  processes  will  be  quantitatively  similar  for  analog  propellant 
formulations.  However,  the  longer  ignition  delay  will  persist  for 
beryllium. 

Based  on  the  qualitative  combustion  model  alone,  it  is  ex,.ected  that  beryl¬ 
lium  will  be  more  difficult  to  burn  than  aluminum.  An  exception  to  the 
rule  may  occur  when  aluminum  agglomerates  at  the  grain  surface  and  beryllium 
does  not,  in  otherwise  comparable  situations.  The  Lime  actually  available, 
to  complete  metal  combustion  before  the  exhaust  reaches  the  motor  walls, 
may  vary  from  less  than  a  millisecond  (especially  for  shallow  nozzle  sub¬ 
mergence)  to  as  much  as  a  second.  Motor  residence  times  with  respect  to 
the  nozzle  throat  may  vary  over  about  the  same  range.  Residence  times  vary 
considi^rably  over  the  firing  period,  with  motor  configuration  and  with  motor 
scale.  The  times  required  to  complete  the  combustion  of  a  metal  particle 
will  depend  on  its  size,  the  amount  of  available  oxygen,  flame  temperatures 
and  velocity  lag.  The  results  of  laboratory  combustion  studies  and  avail¬ 
able  motor  test  data  suggest  that  particles  above  about  10  microns  may 
it^juire  from  1  to  more  than  100  milliseconds  to  burn.  It  should  be  noted 
Lhat  particle  agglomerate  sizes  have  been  observed  to  exceed  1000  microns 
in  fuel  rich  propellants. 

In  summary  then,  complete  metal  combustion  cannot  be  assumed  for  most  beryl¬ 
lium  and  some  aluminum  propellants.  The  specific  degree  t  '  metal  combustion 
at  points  of  interest  along  the  wall  contour  will  depend  on  propell.ant  form¬ 
ulation,  propellant  grain  micrestructure  and  motor  design.  Specific  com¬ 
bustion  mechanics  depend  on  tht-  original  metal  particle  size  distribution, 
metal  melting  point,  metal  oxide  melting  point,  metal  heat  capacity,  metal 
density,  particle  ignition  temperature,  extiaust  flow  velocities  and  accel¬ 
eration  loads.  It  remains  to  be  shown  how  poor  cc-m.bus  t  ior,  may  influence 
motor  materials  performance.  This  will  be  done  in  succeeding  paragraphs. 

e.  (C)  Com-h-.istion  Etficiency  Effects  on  Mizzle  Performance 

There  .ire  thr  e  major  ways  in  wiilch  nozzle  materials  performance  will  be 
affected  by  metal  conibustion  efficiency.  T'lese  are;  tli  corrosion,  »,2)  heat 
transfer,  and  \3'  condensed  p:\ase  impaction  and  deposition.  Ih.ese  areas  were 
exa.mined  in.  an  ideal  ar...lytical  -or  qua..itative  m.anner  for  tiic  progra;-  pro¬ 
pellants.  Each  are  i  is  di.scussed  indivi  *ual  Iv  below. 
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(1)  (C)  Chemical  Corrosion 

The  corrosivity  of  the  solid  propellant  exhaust,  with  respect  to  any 
particular  motor  material,  is  represented  by  the  thermodynamic  B  value. 

B  is  simply  the  mass  of  wall  material  required  to  chem.ically  saturate  a 
unit  mass  of  propellant  exhaust.  It  is  defined  for  the  state  of  thermo¬ 
dynamic  equilibrium  so  that  any  computer  program  whic':  can  find  the 
equilibrium  state  as  a  function  of  given  values  of  pressure,  temperature 
and  atomic  composition  can  be  used  to  find  B  va  ues.  When  the  wall 
material  is  solid  and  both  reactants  and  products  are  gaseous,  the  B  value 
is  proportional  to  the  nozzle  surface  regression  rate  (see  Section  2.2  of 
Reference  1).  In  addition  to  computing  the  B  value,  the  composition  of 
the  exhaust,  saturated  with  wall  material,  is  available.  Comparison  of 
the  original  and  final  compositions  indicate  which  net  chemical  reactions 
have  taken  place.  The  ideal  exhausts  of  the  program  propellants  contain 
gases  soecies  composed  of  carbon,  hydrogen,  nitrogen,  oxygen,  chlorine 
and  aluminum  or  beryllium.  The  only  condensed  species  which  appear  are 
the  beryllia  and  a'umina.  (Note  that  a  true  double  base  propellant  con¬ 
tains  no  chlorine  and  that  advanced  propellants  may  contain  flourine.) 

The  only  new  species  which  appeared  over  the  range  of  metal  combustion 
efficiency  were  the  condensed  metal  and,  sometimes,  the  condensed  metal 
nitrides  and  carbides.  Tne  chemical  stability  of  the  latter  condensed 
species,  relative  to  graphite  and  tungsten,  was  examined  experimentally. 
The  results  are  discussed  in  a  subsequent  paragraph. 

Regardless  of  the  degree  of  metal  combustion  assumed,  it  was  confirmed 
that  the  major  reactions  with  graphite  were: 


H^O  +  C  =  CO  + 
CO.,  +  C  =  2C0 


+  2C  -  C2H2  (above  4000°F) 


Of  course,  minor  oxygen  species,  OH,  0.  0.,,  CHO,  SO  and  Nh'  , .  also  react. 

In  some  propellants,  significant  amounts  of  ON  and  HCN  may""appear  as 
reaction  products.  Considerably  more  of  t'ne  BeOH  and  Bfc(OH)  ,  species 
appear  compared  to  the  analogous  aluminum  species.  However, “in  the 
aluminum  system,  significantly  reacer  amounts  of  the  gaseous  suboxides 
appear  compared  tc  the  beryllium  system.  Tliese  gaseous  hydroxides  and 
suboxidcs  will  react  with  carbor.  to  form  condensed  carbides  and  CO  as  long 
as  the  carbide  product  is  tiiermally  stable.  At  temperatures  near  TOOO^F, 
the  reaction  will  produce  che  metal  vapor  and  CO.  Fven  if  these  species 
should  exi.st  in  greater  quantities  tlian  are  thermochemic  a  1  ly  indicated, 
they  could  not  increase  t’‘'c  exhaust  corrosivity  by  mc^re  than  a  few  percent. 
The  metal  vapors  will  not  be  dangerous  when  they  form  s  condensed  carbide 


■at  • 


CONFIDENTIAL 


CONFIDENTIAL 


film  which  will  inhibit  further  reaction.  At  temperatures  approaching 
6000°F,  carbon  sublimation  begins  and  C2H  will  form  via  the  hvdrogen 
reaction.  However,  these  temperatures  are  seldom,  if  ever,  leached  in 
solid  propellant  systems. 

The  gaseous  reactions  of  primary  interest  are  the  usual  ones  given  above. 

The  B  values  for  the  gas  ohase  reactions  with  graphite  are  shown  for  the 
Arcocel  19iF  and  389  aluminum  analog  propellants  in  Figures  14  and  15  of 
Reference  1.  The  curves  for  tte  other  propellants  are  very  similar  in  shape. 
For  ideal  combustion,  the  B  value  curves  are  shifted  up  or  down  in  accord¬ 
ance  with  the  XSO  or  oxidation  ratio  The  percent  metal  combustion  curves 
also  shift  due  to  changes  in  the  total  oxygen  and  carbon  to  oxygen  ratio. 
Negative  B  values  occur  below  temperatures  near  1000°K.  This  indicates 
that  the  exhaust  is  supersaturated  with  carbon.  However,  the  thermo- 
chemically  indicated  con''  ''r3ion  of  2C0  to  COy  and  carbon  wilx  not 
necessarily  occur.  A  plateau  is  established  in  the  15C0  to  2500°K  range. 

The  B  value  corresponding  to  such  plateaus  reflects  the  total  effect  of 
all  carbon-o.'<ygen  reactions  to  form  carbon  monoxide.  Above  about  2500'^K, 
the  carbon-hydrogen  reactions  begin  to  cause  the  B  values  to  rise  rapidly. 

In  contrast  to  tlie  oxygen  reactions,  the  hydrogen  reaction  is  strongly 
temperature  dependent.  It  should  be  noted  that  when  no  metal  combustion 
is  allowed,  the  hydrogen  reactions  are  not  important,  since  the  graphite 
surface  temperature  could  not  axceed  2500°K  for  any  of  tlie  program 
propellants.  Considering  that  the  graphite  would  be  significantly  below 
the  flame  temperrture,  the  primary  effect  of  poor  metal  combustion  on 
exhaust  corresivily  is  an  increase  in  the  available  oxygen  for  reaction 
with  carbon.  This  increase  will  be  inversely  proportional  to  the  XSO  and 
prop,  rtional  tc  the  metal  combustion  efficiency.  The  major  difference 
between  the  beryilium  and  aluminum  systems  will  be  confined  lo  the  metal 
comb  stion  effect. 

Similar  results  were  obtain^-  xor  the  exhausts  without  eliminating  tne 
condensed  oxicac,  These  may  bo  s.'en  in  Fiei’res  12  and  13  of  Reference  1, 

In  this  case  the  calculation  of  equilibri.  is  not  realistic.  Tnat  is, 
most  of  the  alumina  and  beryllia  is  m  part’culate  form  and  cannot 
equilibrate  with  either  the  gaseous  exhaust  component  or  the  no?;zle  wall. 

In  general,  the  reactions  of  the  c  ndensed  oxides  with  either  graphite  or 
tungsten  may  be  neglected  entirely  except  as  indicated  i  1  the  discussion 
of  the  laboratory  studies  results. 

Tiie  preceding  results  can  be  d  ectly  extended  to  tungsten.  Tho  usual 
oxygen  and  chlorine  reactions  will  occur  in  either  the  beryllium  or 
aluminum  systein.  For  all  practical  purposes,  such  reactions  will  not 
promote  significant  surface  regression.  However,  there  are  two  reactions 
which  can  occur  that  may  precipitate  cat.astrophic  failure  of  tungsten 
inserts.  Thus,  the  exposure  of  tungsten  to  either  beryllium  (metal  or 
vappr)  or  carbon  will  lead  to  the  formation  of  beryllides  and  carbides 
which  have  melting  points  v’ell  below  that  of  tungsten.  There  are  three 
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potential  sources  of  carbon  In  either  the  beryllium  or  aluminum  system. 
These  are;  (1)  carbon  or  graphite  supporting  material,  (2)  condensed 
carbon  eroded  from  upstream  surfaces,  and  (3)  hydrocarbons  from  insulation 
pyrolysis  or  graphite-hydrogen  reactions  upstream.  The  third  source  is 
currently  regarded  as  the  most  important.  The  important  source  of 
beryllium  is  unburned  metal.  B  values  were  not  calculated  for  tungsten 
since  they  would  not  relate  directly  to  the  corrosion  rate  when  condensed 
species  are  the  dominant  reaction  products. 

In  sumiriary  then,  there  is  no  indication  that  nozzle  materials  corrosion 
will  be  significantly  different  in  the  beryllium  system  relative  to  the 
aluminum  system,  provided  that  the  materials  see  only  the  products  of 
complete  combustion.  In  either  system,  poor  combustion  will  lead  to 
increased  oxygen  attack.  The  increase  may  be  by  more  than  an  order  of 
magnitude.  The  oxygen  and  hydrogen  reactions  will  dominate  for  graphite 
materials.  Oxygen  and  chlorine  attack  of  tungsten  can  normally  be 
neglected  Low  melting  tungsten  carbides  and  beryllides  may  be  formed 
when  exposure  to  gaseous  hydrocarbons  or  beryllium  metal  occurs.  This 
action  may  precipitate  catastrophic  structural  failure  of  tungsten  inserts. 

(2)  (C)  Heat  Transfer 


The  convective  heat  transfer  to  the  wall  can  be  created  as  the  product  of 
a  transfer  coefficient  and  a  driving  potential.  Simplified  temperature  or 
enthalpy  driving  potentials  may  be  used  as  follows: 


where: 


q 

q 

q 

T 


=  h  (T  -  T  ) 
aw  w 

=  h/Cp  (H  -  H  ) 
aw  w 


,  2 


aw 


aw 


=  local  convective  heat  flux,  Btu/in  sec 
=  local  adiabatic  wall  temperature,  '^F 
=  local  wall  temperature, 

=  adiabatic  stagnation  enthalpy  of  the  exhaust  at 
the  wall  temperature,  Btu/lbm 


H  -  local  average  boundary  layer  specific  heat,  Btu/lbm  F 


=  convective  heat  transfer  coefficient,  Btu/in  sec  °F. 


.“Issuming  the  nozzle  expansion  process  to  be  isentropic,  the  chamber 
stagnation  enthalpy  will  be  conserved  except  in  the  boundary  layer.  If 
we  disregard  boundary  layer  recovery  effects,  H^^  may  be  set  equal  to  H^, 
the  chamber  enthalpy.  However  T  is  always  less  than  T  (chamber  stagnation 
flame  temperature)  where  the  local  static  pressure  is  below  the  chamber  pressure. 
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For  example,  T  drops  about  600^K  over  the  pressure  range  800  to  13  psia 
for  the  Arcocef'^191F  propellant  (see  Figure  1,  Reference  1).  The  average 
boundary  layer  specific  heat  is  dependent  on  wall  temperature,  pressure 
and  the  particular  exhaust  composition.  These  dependencies  may  be  seen, 
for  the  ideal  case  of  no  wall  reactions,  in  Appendix  VIII.  According  to 
the  simplified  Bartz  equation,  (Reference  6) ,  the  value  of  h  is  most 
strongly  dependent  on  ^p  and  C*  at  constant  chamber  pressure. 

When  the  metal  additive  has  not  completely  burned,  all  of  the  heat  transfer 
parameters  will  change.  Major  decreases  in  and  Tg„  will  occur^  Com¬ 
pensating  decreases  in  the  chamber  pressure  and  C*  should  leave  h/Cp 
relatively  unaffected.  However,  Cp  will  decrease  due  to  the  smaller  drop 
in  exhaust  temperature  relative  to  a  given  decrease  in  stagnation  enthalpy. 
The  net  effect  will  be  a  decrease  in  the  heat  flux.  Tlie  reduction  in 
flame  temperature  level  will  have  a  direct  effect  on  nozzle  performance. 
Thus,  the  maximum  materials  temperature  which  can  be  reached  could  fall 
well  below  maximum  allowable  design  values.  This  effect  will  be  most  pro¬ 
nounced  when  the  ideal  flame  temperature  is  close  to  tha  metal  oxide 
melting  point  while  there  are  oxide  deposits  along  the  nozzle  contour.  It 
is  by  this  mechanism  that  extremely  high  nozzle  performance  can  be  achieved 
with  beryllium  composites  (such  as  the  Arcane  54F).  Nozzle  performance  in 
analog  aluminum  systems  could  be  considerably  less  impressive  simply 
because  the  oxide  coating  can  net  be  retained  to  as  high  temperatures  as 
in  the  beryllium  system.  When  no  deposits  are  present,  the  nozzle  per¬ 
formance  will  reflect  the  increase  in  oxygen  reactions  associated  with 
poor  metal  combustion.  As  previously  discussed,  the  beryllium  propellants 
would  precipitate  the  poorer  nozzle  materials  performance  in  such  a 
situation. 

The  effects  of  the  corrosion  reactions  on  the  wall  heat  flux  must  not  be 
neglected.  The  net  effect  of  tne  exhaust  gas  reactions  with  the  graphite 
materials  is  tha"  heat  is  absorbed.  The  hydrogen  reaction  is  the  most 
endothermic.  Since  '.'.ydrogen  becomes  more  reactive  as  the  surface 
temperature  rises  above  2500°K,  the  surface  temperature  rise  will  lag 
well  behind  values  calculated  for  the  case  of  no  reactions.  Actually 
the  surface  temperature  will  essentially  reach  a  plateau  below  T^^ 
instead  of  asymtotical ly  approaching  it.  The  sum  of  all  the  oxygen 
reacti-;ns  with  graphite  is  also  endothermic.  Above  about  1500°K,  the 
heat  blocking  effect  will  be  essentially  independent  of  surface  temperature. 
A  similar  situation  exists  for  tungsten.  Empirical  convective  heat 
transfer  correlations  have  primarily  been  developed  for  "cold"  walls 
without  significant  chemical  reactions  or  blowing.  The  extension  of  such 
correlations  to  ad''anced  propellants  and  wall  temperatures  above  abouL 
2500  to  2700°K  would  lead  to  overestimation  of  both  the  predicted  surface 
temperature  and  corrosion  rate.  However,  there  is  reason  to  believe  that 
these  same  correLat ions  underestimate  the  heat  transfer  coefficient  for 
other  reasons.  These  include  the  use  of  high  Prandtl  numbers,  neglect  of 
surface  roughness  and  underestimation  of  the  boundary  layer  specific  heat. 
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On  the  other  hand,  film  cooling  effects  associated  with  insulation  pyrolysis 
are  neglected  and  may  cause  overestimation  of  the  heat  transfer.  The  net 
result  is  that  the  original  empirical  correlations  may  well  be  accurate 
enough  for  many  propellant/motor  systems.  Their  application  in  new 
propellant  systems  or  when  poor  combustion  occurs  should  be  undertaken 
with  considerable  caution. 

(3)  (C)  Oxide  Impaction  and  Deposition 

Under  conditions  of  complete  propellant  combustion,  the  condensed  oxide 
products  exist  in  particulate  form.  These  particles  cannot  precisely  follow 
the  gas  streamlines.  Consequently,  they  may  be  centrifuged  to  or  away  from 
the  wall  whenever  the  gas  streamlines  are  turned  near  the  motor/nozzle  contour. 
In  general,  particles  which  impact  on  the  contour  may  rebound  or  stick. 
Rebounding  is  most  likely  to  occur  at  high  impact  energies,  when  gaseous 
reaction  products  form  during  impaction  or  the  surface  material  breaks  down. 
Sticking  is  known  to  occur  but  threshold  conditions  have  not  been  found. 

Both  mechanical  sticking  and  chemical  bonding  occur  for  alumina  and  beryllia 
on  graphite.  Both  oxides  wet  tungsten.  When  sticking  occurs,  wall  deposits 
will  form  in  the  impingement  area,  shielding  the  surface  from  the  corrosive 
gases  and  heat  transfer.  As  the  deposits  build  up,  the  surface  will  melt 
and  flow  downstream.  Thus,  the  deposit  will  propagate  over  the  entire 
contour  until  the  liquid  flows  away  faster  than  it  is  replenished  by  impac¬ 
tion.  The  liquid  may  also  become  unstable  as  it  thins,  breaking  up  into 
streams  or  beads.  As  long  as  deposits  cover  the  nozzle  surface,  there  will 
be  no  corrosion.  The  insulating  nature  of  the  oxides  will  reduce  the  heat 
conduction  to  the  substrate  and  reduce  the  convection  heating  by  forcing 
the  gas  side  surface  temperature  to  rise  rapidly  to  values  above  the  oxide 
melting  point. 

Poor  metal  combustion  may  effect  oxide  impingement  most  directly  through  the 
increase  in  particle  diameters.  The  largest  metal  particles,  agglomerates  or 
condensed  oxide  particles  will  experience  the  greatest  slip  relative  to  the 
gas  streamlines.  Impacting  particles  which  contain  metal  should  be  well 
below  the  local  gas  temperature  and  may  not  contribute  significantly  to  wall 
heating.  Deposits  containing  metal  will  have  a  lower  melting  point  than 
pure  oxide  deposits.  Deposited  metal  should  continue  to  vaporize  as  it  flows 
along  tiie  contour.  The  vapor  should  burn  in  the  boundary  layer,  increasing 
the  heat  transfer  to  the  deposit  surface  and  sustaining  the  metal  vaporiza¬ 
tion  process.  It  is  likely  that  some  of  the  metal  in  wall  deposits  could 
be  expelled  from  the  motor.  In  some  cases  this  could  constitute  a  significant 
performance  loss,  probably  confined  to  the  early  portion  of  the  motor  test. 

It  is  emphasized  that  the  predicted  increase  in  exhaust  corrosivity,  associated 
with  poor  metal  combustion  or  flow  stratification,  will  not  influence  nozzle 
materials  performance  as  long  as  deposits  shield  them  from  the  exhaust.  The 
corrosivity  calculations  suggest  that  excessive  corrosion  could  occur  prior 
to  the  arrival  of  any  deposit,  provided  that  the  surface  temperatures  are 
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above  about  1000  to  ISOO^'K.  The  lower  melting  point  of  alumina  should  permit 
it  to  flow  over  the  contour  to  the  throat  more  rapidly  than  the  beryllla. 

As  long  as  poor  metcil  combustion  persists,  the  deposits  will  be  relatively 
difficult  to  remove,  since  the  flame  temperatures  will  be  significantly 
closer  to  the  oxide  melting  point.  Especially  for  beryllium  propellants 
then,  corrosion  after  deposit  removal  will  not  be  very  much  worse  than  under 
ideal  combustion  conditions.  Of  course,  when  no  deposition  occurs  or  it  is 
nonuniform,  the  higher  corrosion  rates  would  occur.  Such  conditions  should 
be  associated  with  shallowly  submerged  nozzles  and  with  some  internal 
burning  grains  with  noncircular  ports. 

3.2  (C)  SUPPORTING  LABORATORY  AND  ANALYTICAL  STUDIES 

A  number  of  specific  laboratory  and  analytical  study  efforts  were  conducted 
to  clarify  certain  aspects  of  the  nozzle  erosion  problem.  The  laboratory 
studies  were  predominantly  completed  prior  to  the  initiation  of  motor  testing. 
The  analytical  studies  described  in  this  section  were  conducted  over  the 
entire  span  of  the  program.  The  scope  and  results  of  each  of  these  tasks  are 
described  separately  below. 

a.  (U)  Condensed  Phase  Reaction  Studies 

The  objective  of  this  laboratory  study  was  to  determine  the  extent  to  which 
the  condensed  phases  present  in  beryllium  propellant  exhausts  would  react 
with  tungsten  and  graphite  nozzle  material.  .  Exhaust  sampling  results  from 
prior  programs  and  B-value  analyses  for  the  Arcocel  333E  propellant  indicated 
that  beryllium  nitride  and  beryllium  carbide  could  accompany  the  unburned 
beryllium  and  beryllia.  The  reactions  of  these  condensed  phases  with  wall 
materials  in  a  rocket  cannot  be  conveniently  treated  by  analytical  techniques 
which  depend  on  the  equilibrium,  assumption.  Quick  look  experiments  were 
defined  to  determine  which  of  these  materials  could  potentially  contribute 
to  extreme  behavior  of  nozzle  materials.  The  results  of  these  studies  are 
discussed  in  Sections  3.2  of  References  1  and  2. 

In  reviewing  the  discussions  of  the  reactivity  of  alumina  and  beryllia  with 
graphite  in  References  1  through  4,  several  errors  were  noted.  Consequently, 
the  present  discussion  supercedes  the  earlier  ones  where  disagreements  occur. 
Basically,  the  exposure  of  beryllia  to  graphite  at  subatmospheric  pressures 
led  to  significant  reactions  beginning  at  about  2560'’K  (4150°F)  ,  well  below 
the  melting  point  of  beryllia.  The  rate  of  the  reaction  suggested  that  an 
intermediate,  liquid  phase  was  present.  Presumably,  such  a  phase  would  be 
an  oxycarbide  or  beryllium  metal.  Post-test  analysis  indicated  that  residual 
beryllia  samples  contained  beryllium  carbide.  Such  samples  were  from  tests 
in  which  visual  smoke  products  had  ceased  to  appear  and  in  which  the  beryllia 
had  melted.  It  was  also  noted  that  there  was  no  oxide  or  carbide  residue 
associated  with  the  graphite  reaction  surface.  Evidently,  the  reaction 
ceased  when  the  gaseous  products  separated  the  beryllia  from  the  graphite. 
These  results  are  qualitatively  similar  to  chose  previously  obtained  for 
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alumina  and  graphite.  In  order  to  evaluate  the  behavior  of  the  oxides  with 
respect  to  graphite  at  rocket  pressures,  a  reasonable  physical  model  was 
established.  This  model,  in  conjunction  with  equilibrium  B-value  calcula¬ 
tions,  provides  a  means  of  predicting  the  chemical  stability  of  the  oxides 
with  respect  to  the  nozzle  materials  of  interest. 

At  low  temperatures,  condensed  beryllia  reacts  with  solid  carbon  to  form 
solid  Be2C  and  CO  gas.  Similarly,  alumina  reacts  with  carbon  to  form  Ai/,C3 
and  CO  gas.  In  either  case,  intermediate  condensed  oxycarbide  phases  may 
form.  At  high  temperatures,  the  carbide  and  oxycarbide  become  unstable  with 
respect  to  alternate  gaseous  decomposition  products.  Thus,  the  primary 
beryllia  reaction  products  become:  CO,  Be  (vapor).  Be  (liquid)  and  BeC2 
(gas).  Similarly,  the  primary  alumina  reaction  products  become:  CO,  A1 
(vapor),  A1  (liquid)  and  AI2O  (gas).  In  each  case  the  dominant  gaseous 
product  is  CO.  Temperatures  must  exceed  about  3200°K  before  the  beryllium 
carbide  gas  becomes  important  relative  to  the  metal  vapor.  Above  the 
melting  point  of  alumina  (2300'^K)  the  aluminum  suboxide  gas  is  a  slightly 
more  important  product  than  aluminum  vapor. 

In  thi  rocket  environiment ,  a  continuous  coating  of  either  oxide  may  form  on 
the  graphite  surfaces.  The  reactions  proceeded  to  form  condensed  products 
at  the  interface.  At  low  surface  temperatures,  the  carbides  and  oxycarbides  will 
form.  At  high  temperatures  the  metal  will  be  produced.  These  condensed 
phases  will  act  as  a  diffusion  barrier  and  the  reactions  will  essentially  stop 
unless  the  products  are  physically  removed  from  the  reaction  zone.  The  CO 
will  tend  to  diffuse  through  the  oxide  deposit,  provided  that  the  external 
partial  pressure  of  CO  (prominent  exhaust  product)  is  less  than  the 
equilibrium  pressure  of  CO  at  the  reaction  interface.  It  is  interesting 
to  note  that  composite  propellant  exhausts  typically  yield  less  CO  than 
double  base  propellants.  Thus,  diffusional  transport  of  CO  away  from  the 
reaction  zone  (and  consequently  acceleration  of  the  reaction  rate)  will 
occur  at  lower  surface  temperatures  then  in  double  base  systems.  For  beryllia 
the  CO  diffusion  should  begin  in  the  range  of  2700  to  2900'’K;  for  alumina  it 
should  begin  in  the  range  2500  to  2700'^K.  The  loss  of  CO  from  the  reaction 
site  will,  of  course,  tend  to  promote  the  formation  of  additional  condensed 
products  so  the  reaction  will  still  be  diffusion  controlled  auu  very  slow. 

As  surface  temperatures  continue  to  rise,  the  carbides  and  oxycarbides  will 
begin  to  decompose.  Beth  the  reduction  of  the  diffusion  barrier  and  the 
diffusion  of  the  other  gaseous  products  will  tend  to  increase  reaction  rates. 
Eventually,  the  total  pressure  of  tlie  gaseous  reaction  products  could  excede 
the  local  static  pressure  in  the  nozzle.  Then,  bubbling  or  boiling  would 
occur  to  relieve  the  pressures.  The  entire  deposit  could  be  blown  off  the 
surface  if  it  happened  to  be  solid.  The  "boiling  points"  of  beryllia  on 
graphite  are  2400,  2700  and  3200'K  at  nozzle  pressures  of  10,  100  and 
1000  psia,  respectively.  At  the  same  pressures,  these  temperatures  are 
2200,  2500  and  2900K  for  alumina  on  graphite.  For  alumina,  boiling  will 
almost  always  occur  as  the  pressure  relief  mechanism  since  it  melts  at 
2300°K.  Beryllia  will  boil  when  the  nozzle  pressures  are  above  about 
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400  psia  while  it  may  be  blown  off  at  lower  pressures,  since  it  melts  at 
2835°K.  Impurities  in  the  beryllia  could  lower  the  melting  point  and  permit 
boiling  to  occur  at  lower  pressures. 

The  boiloff  of  the  gaseous  reaction  products  could  lead  to  local  pitting 
and  higher  average  reaction  rates.  Because  condensed  reaction  products  will 
still  form,  the  maximum  reaction  rates  will  not  be  achieved  until  the  partial 
pressures  of  the  metal  species  at  the  reaction  site  approach  the  local  nozzle 
pressure.  For  beryllia,  surface  temperatures  must  exceed  about  3400 °K  at 
pressures  above  100  psia  to  achieve  the  maximum  rate  condition.  Actually 
then,  very  high  beryllia  graphite  reaction  rates  will  not  be  achieved  in 
practical  cases  while  a  continuous  coating  persists.  For  alumina,  tem¬ 
peratures  must  be  above  3000°K  at  pressures  above  100  psia  to  achieve  the 
maximum  rate  condition.  Again,  very  rapid  reaction  rates  are  not  likely  to 
occur  in  actual  nozzles. 

The  continuous  deposit  model  is  not  always  applicable  in  the  nozzle  environ¬ 
ment.  Thus,  when  a  continuous  deposit  of  the  liquid  oxides  becomes  too 
thin,  it  will  become  unstable.  The  thin  deposit  film  will  break  up  into 
sheets  or  beads.  Then,  the  gaseous  reaction  products  will  escape  from  the 
reaction  zone  by  flowing  or  diffusing  to  the  edge  of  the  stream  or  bead 
rather  than  diffusing  through  the  oxide.  The  escaping  gas  may  propel  the 
oxide  along  the  surface  or  tend  to  expel  it  from  the  surface  at  the  high 
range  of  graphite  surface  temperatures.  The  net  effect  will  be  that  the 
bead  or  stream  will  tend  to  form  a  narrow  axial  groove  as  it  flows  along 
the  contour. 

Thus  far,  there  are  few  notable  differences  in  the  beryllia  and  alumina 
reactions  with  graphite.  Special  note  should  be  taken  of  the  fact  that 
alumina  melts  at  2300°K  (3700 °F).  The  gas  shear  forces  will  tend  to  remove 
the  deposits  at  wall  temperatures  well  below  the  chemical  stability  limit 
(above  about  3000 ^K) .  Thus,  the  deposits  which  were  originally  trapped  along 
the  contour,  early  in  the  test,  will  not  contribute  to  significant  corrosion. 
Assuming  that  oxide  particle  impaction  continues,  the  discontinuous  modes 
of  oxide  deposit  flow  will  be  established.  The  uncoated  graphite  surfaces 
will  be  exposed  to  the  exhaust  gases  and  the  usual  gas-solid  reactions  will 
occur.  It  is  not  obvious  whether  such  reactions  would  proceed  at  the 
expected  rates  or  not.  It  is  possible  that  the  discontinuous  deposits  may 
contribute  to  local  increases  in  boundary  layer  turbulence  which  would  tend 
t^  increase  the  reaction  rates.  The  discontinuous  flow  of  beryllia  deposits 
should  only  differ  in  that  it  will  occur  at  significantly  higher  surface 
temperatures  (above  about  4650 ’F) .  When  large  amounts  of  beryllia  may  be 
stored  along  the  nozzle  contour,  the  surface  temperatures  will  probably 
exceed  SOOO^^F  before  the  continuous  deposits  degenerate  co  stream  or  bead 
form . 

The  thermal  conductivity  of  beryllia  is  believed  to  be  about  3  tiroes  that 
of  alumina.  Less  significant  variations  in  viscosity,  density,  specific 
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heats,  heat  of  fusion  and  surface  tension  are  recognized.  It  is  probable, 
that  the  solubility  of  exhaust  gases  and  condensed  ablativre  insulation 
decomposition  products  will  be  different  for  the  two  oxides.  All  of  these 
factors  will  influence  the  specific  behavior  of  the  wall  deposits  and  their 
flow  characteristics.  Final  interpretations  of  their  relative  importance 
must  await  the  generation  of  improved  property  values  at  high  temperatures, 
especially  for  the  liquid  phases.  However,  it  is  apparent  that  potential 
differences  in  the  amounts  of  deposit  formed  and  the  melting  point  of  the 
oxides  are  dominant  factors.  The  nozzle  thermal  design  and  oxide  con¬ 
ductivity  should  determine  the  endurance  of  continuous  deposits.  When  poor 
metal  combustion  occurs,  it  should  be  expected  that  the  quantity,  endurance, 
composition  and  flow  characteristics  of  deposits  will  be  extensively  altered. 
Once  again,  there  is  apparently  no  reason  to  expect  that  graphite  nozzle 
corrosion  can  be  attributed  directly  to  the  oxides  in  either  the  beryllium 
or  aluminum  system. 

Comparable  studies  of  the  reactions  of  the  metal  oxides  with  tungsten  were 
conducted.  Experimental  studies,  in  this  and  other  programs,  generally 
indicatt^  that  essentially  no  reactions  occur.  This  may  be  a  resu't  of  the 
formation  of  an  intermediate  molecular  layer  of  tungsten  suboxides.  It  is 
also  noted  that  the  diffusional  transport  of  tungsten  would  be  considerably 
slower  than  that  of  carbon.  Some  surface  polishing  and  grain  boundary 
attack  of  tungsten  have  been  observed.  This  action  is  presumed  to  be  the 
source  of  the  tungsten  found  in  or  on  the  surface  of  the  oxides  in  post-test 
examination  of  reaction  samples.  Both  beryllia  and  alumina  wet  tungsten. 

It  should  be  expect, d,  then,  that  contour  deposits  would  form  in  essentially 
the  same  manner  as  for  graphite  nozzles.  Equilibrium  B  value  calculations 
indicate  that  the  interface  pressure  of  gaseous  reaction  products  will  be 
less  than  1,0  psia  at  tungsten  temperatures  below  3400  K  with  both  beryllia 
and  alumina  This  suggests  that  deposit  boiling  will  not  occur  and  that  the 
discontinuous  deposit  flow  modes  will  not  increase  the  oxide  reactivities 
significantly.  For  either  o.Kide,  the  primary  reaction  products  are  the 
condensed  metal  -and  it.s  vapor.  The  metal  could  be  involved  in  the  grain 
boundary  attack. 

No  reactions  were  observed  between  beryllium  nitride  and  graphite  or  tungsten 
to  temperatures  of  4800  and  4b00’F,  respectively.  It  is  probable  that  the 
nitride  would  be  well  dispersed  in  the  rocket  exhaust.  Consequently,  the 
.O'scnce  ot  reactions  with  the  pure  material  suggests  that  no  reactions  will 
occur  in  rh.e  rocKet  env  ii  onment .  Similarly,  aluminum  nitride  is  not  regarded 
as  a  threat  to  the  nozzle  materials. 

In  an  experimental  survey  for  low  melting  compounds  of  tungsten,  two  eutectic 
Be-W  alloys  were  found.  The  WBcj^  ?  ph.ase  has  a  melting  point  near  1600'K. 

The  WBe2  phase  is  thought  to  haye  a  ti  clting  point  near  2000' K.  At  tempera¬ 
ture  levels  where  the  beryllium  carbide  begins  to  decompose,  tungsten 
carbides  (WC-;  .inci  WC)  were  formed.  In  the  tungsten  alviminurn  system,  WAlj^o 
.also  ha.s  a  rf.elting  point  ol  1600  .K  ana  the  W'Al4  phase  melts  at  I'lOO'K.  It  is 


quite  apparent  that  the  exposure  of  tungsten  to  aluminum,  beryllium  and/or 
carbon  would  produce  surface  melting.  Note  that  the  metal  or  carbon  rich 
phases  will  form  first  (at  tti'='  lead5.ng  edge  of  a  tungsten  insert)  and  that 
these  phases  will  continue  to  dissolve  more  tungsten  as  they  flow  along  the 
contour.  In  this  respect,  the  beryllium  will  be  the  most  dangerous.  The 
more  refractory  carbides  are  always  found  in  melted  regions  of  tested 
inserts.  Apparently  the  aluminum  and  beryllium  alloys  have  not  been  found. 
Such  alloys  could  have  been  removed  before  or  during  carburization.  Even 
without  experimental  confirmation  of  the  production  of  the  metal  alloys, 
they  constitute  a  real  hazard  to  tungsten  inserts. 

There  are  several  possible  sources  of  beryllium  or  aluminum  for  alloying. 

The  most  obvious  is  unburned  metal  which,  flows,  rrom  the  impingement  area, 
along  the  contour  to  the  tungsten.  The  decomposition  of  the  metal  oxycarbides 
and  carbides  (on  graphite  surfaces  upstream)  also  produc.”  both  the  liquid 
metal  and  its  vapor.  The  exhaust  contains  relatively  small  amounts  of  the 
metal  vapor  but  metal  chlorides,  suboxides  and/or  hydroxides  could  form  the 
alloys  when  they  react  with  the  tungsten.  The  direct  reduction  of  the  con¬ 
densed  oxides  by  tungsten  also  produces  metal  for  alloying.  The  sources  of 
carbon  include  h.ydrocarbon  gases,  mechanically  eroded  material  from  upstream 
surfaces,  metal  carbide  decomposition  products  and  supporting  graphite 
structures.  The  hydrocarbon  source  is  currently  regarded  as  the  most 
serious.  Large  quantities  of  hydrocarbons  are  evolved  during  the  pyrolysis  of 
plastic  insulation  materials.  Acetylene  is  also  the  primary  product  of 
hydrogen  attack  of  graphite  contour  materials,  such  gases  will  tend  to  flow 
along  the  contour  and  over  the  hot  tungsten  surface.  The  hydrogen-graphite 
reactions  can  be  controlled  by  holding  surface  temperatures  below  about 
5000''?,  Submerging  the  nozzle  could  minimize  pvrolysis  gas  flow  over  the 
tungsten  throat.  Oxide  deposit  protection  of  tungsten  should  be  effective 
in  preventing  carburization.  The  maximum  deposit  protection  of  tungsten 
would  be  found  in  the  relatively  low  flame  temperature  beryllium  composite 
propellant  system. 

b,  (U)  Arc  Plasma  Studies 

A  plasmadyne  SG-1  arc  jet  was  used  to  study  the  impingement  and  deposition 
characteristics  of  alumina  and  beryllia  on  graphite  and  asbestos  phenolic. 

The  results  of  this  study  may  be  found  in  Section  e.'i  of  References  1  and  2. 
Very  few  of  the  experimental  objectives  were  actually  acb  ' 'ved  for  two  basic 
reasons.  First,  the  tests  were  run  at  pressures  just  belo\'  atmospheric 
to  minimize  the  possibility  of  beryllia  leakage.  According  to  the  heryllia- 
carbon  reaction  model,  this  condition  would  not  be  similar  to  the  actual 
rocket  case  in  that  wetting  would  not  occur.  The  test  conditions  were  some¬ 
what  more  reasonable  for  the  alumina  impingement  experiments.  The  second 
problem  involved  the  lack  of  temperature  control  of  the  test  materials.  The 
samples  tended  to  cool  off  rapidly  (by  radiation)  as  soon  as  insulating 
deposits  formed  on  the  impingement  surface. 
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The  experimental  results  appear  to  be  reasonable  when  interpreted  In  terms 
of  the  oxide-graphite  reaction  model.  With  graphite  surface  temperatures 
initially  below  the  alumina  melting  point,  there  was  some  evidence  of  carbide 
formation  and  the  deposits  had  normal  crystal  habits.  When  the  sample  tem¬ 
perature  was  raised  above  the  alumina  melting  point,  extensive  carbide 
formation  was  observed.  Apparently,  only  random  mechanical  sticking  of 
beryllia  on  graphite  occurred.  Sample  temperatures  did  not  reach  the 
minimum  reaction  temperature  (about  4100°F)  or  the  beryllia  melting  point. 

With  initial  sample  temperatures  above  about  3600°F,  some  reflection  of 
alumina  particles  was  observed.  Most  of  the  beryllia  particles  were 
reflected  during  impact. 

Sticking  was  observed  for  both  oxides  on  asbestos  phenolic.  Sticking 
appeared  to  follow  the  initial  development  of  a  char  layer.  Molten  asbestos 
decom.position  products  appeared  to  be  directly  involved  in  the  capture  of  the 
oxide  particles.  Thicker  alumina  deposits  were  formed  compared  to  beryllia. 
The  alumina  also  reacted  with  the  asbestos  phases  while  the  beryllia  probably 
fused  too  rapidly  to  permit  significant  reaction. 

Future  attempts  to  examine  the  effects  of  impaction  parameters  on  sticking 
and  reaction  should  not  be  conducted  at  low  pressures.  It  is  also  believed 
that  deposit  flew  mechanics  should  only  be  studied  using  surface  configura¬ 
tions  and  gas  shear  levels  which  resemble  those  of  an  actual  nozzle.  It  is 
also  possible  that  equivalent  results  could  be  obtained  from  actual  solid 
motor  firings.  The  low  pressure  plasma  would  be  suitable  for  studying 
tungsten  alloying  effects. 

c.  (U)  Cold  Flow  Modeling 

A  detailed  description  and  discussion  of  the  results  of  the  cold  flow  modeling 
t'^udy  conducted  in  this  program  are  presented  Section  3.3  of  References  1  and 
2  Selected  cold  flow  modeling  results  obtained  ■■.nder  another  program  (NASA 
Contract  NAS  7-408)  are  also  presented  in  Section  3.3  of  Reference  2.  The 
results  of  these  studies  were  primarily  used  as  an  aid  in  qualitatively 
interp''.M  i ng  the  rocket  motor  test  results.  They  were  of  particular  value 
in  the  estimation  of  the  exhaust  flow  fields,  locating  impingement  areas  and 
in  understanding  the  effects  of  circumferentially  nonuniform  flow. 

Tht  experimental  techniques  were  extensions  of  those  developed  under  Con¬ 
tract  .AF  04(611) -9072  (Reference  ^)  ,  Basically,  the  rocket  exhaust  condi¬ 
tions  are  analytically  translated  to  the  modeling  situation  which  features 
the  flow  of  nitrogen  containing  dispersed  polyethylene  particles  (spherical). 

A  wide  range  of  particle  sizes  were  used,  in  each  test  to  model  actual  rocker 
exhaust  particle  sizes  up  to  30  microns.  Particles  which  impinge  on  the  model 
contour  are  retained  on  a  stickv  tape  and  then  counted.  In  the  NASA  study, 
the  model  contour  was  coated  with;  grease  to  obtain  a  visual  representation 
oi  tile  gas  fhrw  pattern  as  well  as  impingement  data.  End  burner,  circular 
port  and  star  grains  were  modeled  in  this  program.  The  axial  location  of  the 


grains  relative  to  the  model  nozzle  throat  was  varied.  Several  circular 
port  diamet^'rs  were  tested.  Conventional  nozzle  contours,  two  aft  closure 
angles  and  a  submerged  nozzle  were  modeled.  The  effects  of  surface  roughness 
and  contour  discontinuities  (due  to  wall  deposits)  were  also  examined.  In 
general,  the  results  are  presented  graphically,  showing  the  relationship  of 
particle  impingement  flux  as  a  function  of  distance  along  the  closure/nozzle 
wall.  In  principle,  these  results  could  be  extrapolated  to  the  actual  rocket 
case  via  the  modeling  equations.  This  would  facilitate  the  prediction  of 
particle  impingement  heat  fluxes,  quantitative  characterization  of  the  source 
of  oxide  wall  deposits  and  location  of  boundary  layer  starting  points  in 
either  uniform  of  nonuniform  flow  situations.  Rather  than  attempting  to 
summarize  the  results  of  the  cold  flow  studies,  it  is  more  pertinent  here 
to  consider  the  limitations  of  the  techniques  and  results. 

A  major  limitation  of  the  cold  flow  modeling  technique  is  that  the  particle 
sice  in  the  actual  rocket  cannot  be  determined.  It  is  not  obvious  that 
the  rocket  particles  can  be  satisfactorily  represented  by  a  single  modeling 
particle  size  or  size  distribution.  Thus,  the  original  metal  particle  size 
distribution  may  shift  as  a  result  of  grain  surface  agglomeration.  Then, 
during  rapid  combustion,  the  metal  oxide  may  temporarily  exist  as  a  vapor 
cloud  rathar  than  as  discrete  particles.  Through  condensation  and  particle 
interactions,  an  entirely  new  size  distribution  may  be  created.  The  entire 
process  is  highly  transient  and  there  may  be  little  similarity  between  the 
particles  in  the  chamber  and  those  collected  in  the  exhaust  plume. 

The  modeling  studies  conducted  in  this  program  utilized  solid  particles  while 
the  particles  in  the  rocket  are  normally  liquid  or  partially  liquid.  The 
impact  mechanics  are  not  obviously  the  same  over  the  potential  range  of 
impact  velocities.  Furthermore,  particle  sticking  will  load  to  surface 
shielding  which  will  also  alter  the  impact  mechanics.  Sticking  is  believed 
to  depend  on  a  number  of  special  factors  which  include  chemical  interaction, 
wall  temperature  and  surface  character  effects. 

More  sophisticated  modeling  techniques  arc  required  to  simulate  the  particle 
injection  and  stratification  effects  associated  with  internal  burning  grains. 
The  flow  field  visualization  techniques  developed  in  the  NASA  study  offers 
real  promise,  provided  that  combustion  transient,  flow  turbulence  and  variable 
burn  rate  effects  can  be  neglected.  However,  there  mav  not  be  a  more 
practical  or  .ccurate  way  to  understand  th.e  specific  flow  field  character 
associated  with  complex  grain  and  nozzle  geometr ices .  In  this  case,  two - 
phase  flow  effects  may  be  of  secondary  importance. 

I' 1 1 ima te 1 V ,  the  object  of  col  '  flow  modeling  is  to  produce  quantitative 
data  for  direct  use  in  motor  insulation  and  no.'zle  de-;ign.  or  fa  lure 
diagnosis.  The  results  of  the  present  program  suggest  tic'.t  (1/  iiigh 
impingement  rates,  (2)  incomplete  combustion  induced  incre..ses  in  exhaust 
corrosivity,  and  (3)  locally  extreme  convecLi. e  neat  transfer  and  wall  shear 
will  all  occur  in  approxim-atel  y  the  same  arras  'f  the  aft  closure  or  nozzle 
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entrance  section.  It  should  be  expected  that  correlations  of  cold  flow 
impingement  data  with  actua?  insulation  erosion  profiles  can  be  established 
and  used  in  design.  It  should  be  recalled  that  the  particle  impingement  is 
not  necessarily  the  primary  cause  of  high  local  erosion.  Fortunately,  it 
appears  that  corrective  redesign  would  be  effective  even  if  impincement  is 
not  the  primary  surface  regression  mechanism.  Cold  flow  modeling  may 
profitably  be  used  as  an  aid  to  visualizing  the  interaction  of  the  exhaust 
flow  with  the  motor /nozzle  walls.  The  results  could  be  directly  used  in  an 
empirical  manner  to  adjust  the  grain/motor  design,  to  indicate  potential 
areas  of  high  erosion  or  to  diagnose  failures. 

d.  (C)  Correlation  Studies 

It  was  expected  at  the  outset  of  the  program  that  a  significant  amount  of 
data  could  be  obtained  f’'om  the  results  of  other  beryllium  motor  programs. 
Motor  designs  and  test  data  were  acquired  from  contract  reports  prepared  by 
Aerojet  Genei  ,1,  Atlantic  Research,  Hercules  and  Thiokol,  From  the  very 
large  number  of  tests  considered,  onlv  a  few  groups  could  actually  be  used 
for  correlation  purposes. 

There  was  a  serious  la>.k  of  nozzle  thermal  response,  deposition,  erosion 
and/or  ballistic  performance  data.  The  majority  of  the  test  data  acquired 
in  this  efiort  has  not  been  published  under  this  contract  and  is  ’-egarded 
as  being  of  ’ ittle  general  value.  Some  of  the  erosion  data  was  used  in 
establishing  the  aft  closure  insulation  designs  used  in  this  program,  A 
few  specific  .’'''ferva-. ions  concerning  data  quality  and  rt'^nds  were  discu'^sed 
in  Section  4.2  v-  References  1  and  2.  The  more  successful  correlation 
efforts  are  reviewed  below. 

Atlantic  Research  10-pound  tailoring  motor  tests,  with  propellants  similar 
to  those  used  in  this  program,  were  examined  in  detail  (see  Pages  184  to 
189,  Reference  2).  Analysis  of  the  test  data  indicated  that  throat  deposition 
effec*:s  were  almost  negligible.  Then,  the  throat  heating  and  corrosion  were 
assumed  to  depend  only  ou  motor  pressure  and  propellant  type.  The  total 
measured  throat  erosion  was  then  plotted  against  average  motor  pressure. 

The  Arcocel  191  and  319B  propellant  data  (Figure  93,  Reference  2)  correlated 
wi.ti  the  average  chamber  pressure  raised  to  a  power  slightly  less  t^ian 
0.8  over  a  pressure  range  of  400  to  1600  psia.  Such  a  power  dependency  is 
predicted  from,  corrosion  tb.eory.  This  tends  to  rule  out  mechanical  or 
nhvsical  erosion.  The  throat  corrosion  rate  was  close  to  zero  at  400  psia 
(2.5-seconds  duration)  which  suggests  that  both  depo.sition  and  surface 
temperature  effects  would  h.ave  to  be  given  some  consideration  in  a  more 
rigorous  analysis.  Throat  deposits  were  retained  on  one  test  of  le.ss  than 
0  .  '  -  se  c  and  du  r  a  t  i  on  . 

Similar  treatment  of  the  .Arcane  2-.  Si,  and  5-4  composite  propellant  d;3ta 
gave  an  interesting  result.  Above  '00  p  ia,  the  throat  corrosion  rate  .ilso 
cxliiS'ted  an  0.8  power  d.,„ndencc  on  nre  sure  (data  to  1020  psia).  However, 
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entrance  section.  It  should  be  expected  that  correlations  of  cold  flow 
impingement  data  with  actual  Insulation  erosion  profiles  can  be  established 
and  used  in  design.  It  should  be  recalled  that  the  particle  impingement  is 
not  necessarily  the  primary  cause  of  high  local  erosion.  Fortunately,  it 
appears  that  corrective  redesign  would  be  effective  even  if  impingement  is 
not  the  primary  surface  regression  mechanism.  Cold  flow  modeling  may 
profitably  be  used  as  an  aid  to  visualizing  the  interaction  of  the  exhaust 
flow  with  the  motor /nozzle  walls.  The  results  could  be  directly  used  in  an 
empirical  manner  to  adjust  the  grain/motor  design,  to  indicate  potential 
areas  of  high  erosion  or  to  diagnose  failures. 

d.  (C)  Correlation  Studies 

It  was  expected  at  the  outset  of  the  program  that  a  s'ignificant  amount  of 
data  could  be  obtained  from  the  results  of  other  beryllium  motor  programs. 
Motor  designs  and  test  data  were  acquired  from  contract  reports  prepared  by 
Aerojet  General,  Atlantic  Research,  Hercules  and  Thiokol.  From  the  very 
large  number  of  tests  considered,  only  a  few  groups  could  actually  be  used 
for  correlation  purposes. 

There  was  a  serious  lack  of  nozzle  thermal  response,  deposition,  erosion 
and/or  ballistic  performance  data.  The  majority  of  the  test  data  acquired 
in  this  effort  has  not  been  published  unde’  this  contract  and  is  regarded 
as  being  of  little  general  value.  Some  of  the  erosion  data  was  used  in 
establishing  the  aft  closure  insulation  designs  used  in  this  program.  A 
few  specific  observations  concerning  data  quality  and  trends  were  discussed 
in  Section  4.2  of  References  1  and  2.  The  more  successful  correlation 
efforts  are  reviewed  below. 

Atlantic  Research  10-pound  tailoring  motor  tests,  with  propellants  similar 
to  those  used  in  this  program,  were  examined  in  detail  (see  Pages  184  to 
189,  Reference  2).  Analysis  of  the  test  data  indicated  that  throat  deposition 
effects  were  almost  negligible.  Then,  the  throat  heating  and  corrosion  were 
assumed  to  depend  only  on  motor  pressure  and  propellant  type.  The  total 
measured  throat  erosion  was  then  plotted  against  average  motor  pressure. 

The  Arcocel  191  and  319B  propellant  data  (Figure  93,  Reference  2)  correlated 
with  the  average  chamber  pressure  raised  to  a  power  slightly  less  than 
0.8  over  a  pressure  range  of  400  to  1600  psia.  Such  a  power  dependency  is 
predicted  from  corrosion  theory.  This  tends  to  rule  out  mechanical  or 
physical  erosion.  The  throat  corrosion  rate  was  close  to  zero  at  400  psia 
(2.5-3econds  duration)  which  suggests  that  both  deposition  and  surface 
temperature  effects  would  have  to  be  given  some  consideration  in  a  more 
rigorous  analysis.  Throat  deposits  were  retained  on  one  test  of  less  than 
0.5-second  duration. 

Similar  treatment  of  the  Arcane  24,  53,  and  54  composite  propellant  data 
gave  an  interesting  result.  Above  700  psia,  the  throat  corrosion  rate  also 
exhibited  an  0.3  power  dependence  on  pressure  (data  to  1020  psia).  However, 
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as  the  pressure  fell  below  700  psla,  the  throat  erosion  rate  increased  at  a 
rapid  rate  (to  the  minimum  test  pressure  of  550  psia) .  The  Arcane  24  pro¬ 
pellant  has  a  higher  oxidation  ratio  and  deposits  protected  the  throat  from 
erosion.  These  data  suggest  a  progressive  decrease  in  metal  combustion 
efficiency  as  the  pressure  falls  below  700  psia  (1.0  mil/sec  minimum  erosion 
rate  over  4.6  seconds).  The  data  generally  supports  the  qualitative  metal 
combustion  model.  The  chamber  residence  times  (to  the  nozzle  throat)  were 
slightly  greater  than  3  milliseconds  at  the  low  pressures  and  approached 
5  milliseconds  at  the  higher  pressures.  It  is  suspected  that  the  double  base 
propellants  would  exhibit  similar  behavior  at  pressures  below  about  400  psia 
(residence  times  below  about  1.5  milliseconds).  Similar  relations  might  be 
observed  for  any  propellant  which  experienced  surface  agglomeration.  When 
metal  agglomeration  occurs,  the  minimum  erosion  rate  will  occur  at  a  cha.mber 
pressure  which  is  inversely  proportional  to  both  the  flame  temperature  and 
the  oxidation  ratio.  If  agglomeration  does  not  occur,  complete  combustion 
may  occur  in  less  than  a  millisecond  for  all  practical  pressures.  Shorter 
residence  times  would  be  a  difficult  condition  to  produce  experimentally  over 
significant  test  durations. 

Sections  of  a  silver  infiltrated  tungsten  ring  tested  in  the  Atlantic  Research 
PALLAS  program  were  examined  (see  Pages  225  to  226,  Reference  3).  The  ring 
had  been  located  upstream  of  the  nozzle  throat  section.  Extensive  flame- 
side  surface  melting  and  flow  had  occurred.  X-ray  diffraction  analysis  of 
the  damaged  areas  showed  large  amounts  of  tungsten  carbide.  No  beryllium 
alloys  were  detected.  Some  silver  was  found  at  the  back  side  surface  of  the 
ring  segments.  Evidently,  the  depletion  of  the  silver  infiltrant  permitted 
direct  exposure  of  the  tungsten  to  the  upstream  source  of  carbon.  This 
particular  insert  indicates  that  the  carbide  degradation  mechanism  pertains 
to  the  powder  metallurgy  tungsten  products  as  well  as  to  the  dense  forms. 

Of  course,  infiltrants  should  be  at  least  partially  effective  in  preventing 
exposure  of  the  flame-side  surface  to  the  carbon  source.  There  has  been  no 
correlation  of  the  predicted  aluminum  or  beryllium  alloying  degradation 
mechanism  with  the  post-test  analysis  of  tungsten  inserts  examined  to  date. 
Since  several  metal  sources  have  been  identified,  this  problem  should  be 
examined  further. 

Nozzles  tested  on  the  Aerojet  ADOBE  program  were  visually  examined  and 
photographed.  Several  of  the  photographs  and  a  discussion  of  the  general 
appearance  of  these  nozzles  may  be  found  on  Pages  125  to  133  of  Reference  4, 
The  primary  nozzle  throat  materials  were  silver  infiltrated  tungsten, 
pyrolytic  graphite  and  Graph-i-tite  GX.  The  performance  of  the  thick 
tungsten  inserts  and  entrance  caps  was  generally  good.  There  was  no  indica¬ 
tion  of  extensive  carbide  formation  or  excessive  silver  depletion.  Both 
silver  and  metal  oxide  deposition  protection  are  believed  to  be  partly 
responsible  for  this  result.  The  Graph-l-tite  nozzle  was  also  in  good 
condition.  This  is  believed  to  derive  from  the  sacrificial  ablation  of  the 
plastic  eivtrance  section  material  and  oxide  deposition.  The  pyrolytic 
graphite  nozzles  were  severely  eroded.  This  probably  derives  from  the 
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development  of  extreme  thermal  expansion  stresses  at  the  surface,  leading  to 
plastic  deformation  of  the  washer  edges  and  nodule  spallation.  Nozzle  heat 
transfer  and  deposition  data  were  not  available.  The  general  performance  of 
these  nozzles  appears  to  correlate  well  with  the  qualitative  models  developed 
in  this  program. 

Ballistic  data  for  nozzles  tested  on  the  Thiokol  ADOBE  program  were  analyzed 
to  develop  throat  deposition/erosion  curves.  Five  tests,  each  with  a 
different  throat  heat  sink  design,  were  selected.  The  results  are  presented 
and  discussed  in  Section  4.2  of  Reference  4.  Deposit  histories  (see 
Appendix  V)  were  generally  similar  to  those  developed  for  the  nozzles  tested 
in  this  program.  This  is  taken  as  an  indication  that  nozzle/motor  scale 
effects  will  not  reverse  or  nullify  the  results  of  the  present  program.  The 
deposit  histories  correlated  well  with  the  throat  heat  sink  capacity.  The 
thick  tungsten  and  pyrolytic  graphite  washer  Inserts  exhibited  the  highest 
deposit  thicknesses,  the  thin  tungsten  insert  and  Graph-i-tite  inserts  gave 
Intermediate  results,  and  the  pyrolytic  graphite  shell  permitted  only  thin 
(probably  liquid)  beryllla  deposits  to  develop. 

The  Thoikcl  nozzle  throat  erosion  rates  were  generally  consistant  with 
expectations.  The  tungsten  did  not  corrode  or  erode.  The  thick  insert 
experienced  significant  plastic  deformation  during  the  test  while  the  thin 
insert  deformed  after  the  test.  The  Graph-l-tite  erosion  was  near  5  mils/sec 
late  in  the  .est  and  somewhat  less  during  the  middle  third  of  the  test  after 
deposits  were  removed.  Nonuniform  and  diminishing  flow  of  beryllia  follow¬ 
ing  the  main  deposit  pulse  would  explain  this.  The  pyrolytic  graphite  throat 
washer  erosion  rate  was  highest  after  deposit  removal  and  decreased  with 
time.  Surface  spallation  and  washer  deformation  probably  occurred  after 
deposit  removal,  accounting  for  the  higher  Initial  erosion  rate  (the  hardware 
was  not  examined).  The  average  rate  was  near  2  mlls/second.  The  pyrolytic 
graphite  shell  evidently  eroded  mechanically  (about  10  mils/sec)  after  the 
loss  of  the  protective  deposit  film.  The  erosion  rate  decreased  steadily 
until  the  HLM85  substrate  was  exposed.  The  decreasing  rate  suggests  that 
the  erosion  tended  to  relieve  material  stresses  which  caused  the  surface  layers 
to  break  down. 

Efforts  to  obtain  erosion,  heat  transfer  and  deposition  data  for  aluminum 
propellant  tests  were  equally  unsuccessful.  However,  from  experience  and 
available  test  data,  it  is  apparent  that  motor/nozzle  materials  grossly  behave 
in  the  same  manner  with  e.'ther  type  of  propellant.  It  is  clear  that  motor, 
grain  and  nozzle  design  have  a  strong  Influence  on  materials  behavior  in 
either  propellant  system.  It  is  obvious  from  the  available  data  that 
beryllium  propellants  do  not  always  lead  to  more  corrosion  than  aluminum 
propellants,  even  in  identical  motors.  Metal  combustion  efficiency,  heat 
transfer  and  oxide  deposition  effects  offer  reasonably  complete  explanations 
for  observed  performance  variations  in  the  two  propellant  systems. 
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e.  (U)  Analytical  Technique  Development 

A  significant  fraction  of  the  program  effort  was  devoted  to  the  development 
of  improved  analytical  techniques  for  predicting  and  characterizing  nozzle 
performance.  The  major  emphasis  was  placed  on  the  convective  heat  transfer, 
corrosion  rate  prediction  and  oxide  deposit  flow  characterization.  The 
influences  of  two-phase  flow,  incomplete  metal  combustion,  wall  roughness 
and  boundary  layer  injection  on  these  fundamental  processes  were  considered 
in  a  more  qualitative  manner.  A  great  deal  of  progress  was  made  but 
further  development  of  the  theories  and  correlation  with  test  data  are  still 
desired. 

Sections  11  and  V  of  References  1  through  4  contain  extensive  descriptions 
and  discussions  of  the  analytical  technique  developments.  Section  IV  of 
this  report  is  devoted  e::cluslvely  to  summarizing  the  philosophy  and  method 
of  nozzle  design  and  performance  analysis  as  developed  in  this  program. 
However,  a  few  brief  comments  are  pertinent  at  this  point. 

(1)  Convective  Heat  Transfer 

Program  efforts  to  improve  nozzle  convective  heat  transfer  theory  were  based 
on  the  belief  that  commonly  used  analyses,  typified  by  the  simplified  Bartz 
Equation  (Reference  6),  significantly  underestimate  convective  heating  by 
high  energy  propellant  exhausts.  It  was  argiied  that  this  would  be  a  direct 
result  of  misapplication  of  the  theories  developed  for  and  evaluated  in  low 
performance  nozzle  systems.  Although  a  detailed  boundary  layer  analysis 
should  be  performed  in  general,  the  advantages  of  closed  form  equations 
cannot  be  easily  ignored.  The  real  danger  in  using  such  equations  is  that 
the  Inherent  assumptions  and  approximations  are  not  obvious.  The  nature 
of  high  energy  propellant  exhausts  demands  the  use  of  enthalpy  driving 
potential  and  the  inclusion  of  chemical  wall  reaction,  blowing  and  surface 
roughness  effects,  as  opposed  to  using  a  temperature  potential  and  ignoring 
the  other  effects. 

The  objective  of  this  discussion  is  to  show  why  the  closed  form  convective 
heat  transfer  equations  appear  to  work  as  well  as  they  do  and  to  Indicate 
when  they  will  not  work.  To  begin  with,  high  energy  propellants  necessarily 
must  exhibit  high  ratios  of  flame  temperature  to  exhaust  molecular  weight. 

In  practical  systems,  a  relatively  large  fraction  of  the  total  energy  is 
accommodated  by  dissociation  of  molecular  species  and  vaporization  of 
condensed  products.  In  fact,  this  is  what  limits  the  propellant  flame 
temperature  and  makes  temperature  gradient  an  inadequate  measure  of  heat 
transfer  potential.  To  Include  the  exhaust  energy  that  does  not  appear  as 
temperature,  an  enthalpy  potential  may  be  used  directly  or  the  temperature 
potential  may  be  used  in  combination  with  an  appropriate  exhaust  specific 
heat.  Chamber  values,  either  frozen  or  equilibrium,  of  the  exhaust  specific 
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heat  should  not  be  used.  The  appropriate  value,  for  first  approximations, 
is  the  average  boundary  layer  specific  heat  at  the  particular  axial  station 
of  interest.  Thus; 


where : 

C  =  average  boundary  layer  specific  heat 
P 

=  boundary  layer  edge  stagnation  enthalpy 

H  =  exhaust  stagnation  enthalpy  at  the  nozzle  wall 
w 

T^  =  boundary  layer  edge  stagnation  temperature 

T^  =  exhaust  stagnation  temperature  at  the  nozzle  wall 

X  =  reference  axial  location 

The  above  equation  permits  the  user  to  establish  convective  heat  transfer 
coefficients  as  a  function  of  local  nozzle  wall  temperature  as  required  in 
the  nozzle  conduction  analysis.  Note  that  Tq  is  dependent  if  the  local 
pressure  while  Hq  is  not.  Both  Hq  and  Tq  may  be  replaced  by  the  appropriate 
recovery  values  if  desired.  Of  course,  the  conventional  convective  heat 
transfer  coefficient  is  linearly  related  to  C-  as  long  as  the  film  reference 
condition  is  acceptable.  At  low  wall  temperatures,  Cp  is  weakly  dependent 
on  surface  temperature.  At  high  wall  temperatures,  it  depends  strongly  on 
wall  temperature. 

Now,  the  local  convective  heat  flux  can  be  written  as: 

(q)  =  (h/C  )  C  (T  -  T  ) 

L  P  P  °  ''Jx 

As  expressed  in  the  simplified  Bartz  equation,  the  convective  coefficient 
(h/Cp)  depends  on  wall  temperature  due  to  the  variation  of  boundary  layer 
density  and_viscosity .  Since,  the  chamber  values  are  used  for  reference,  the 
Value  of  h/Cp  steadily  increases  as  the  surface  temperature  drop£  below 
the  stagnation  value.  With  the  added  temperature  dependence  of  Cp ,  a  plot 
of  h  against  wall  temperature  will  have  a  'X'"  shape.  A  plot  of  q  against 
wall  temperature  will  have  a  more  complex  shape.  Initially,  q  will  decrease; 
then  it  will  level  out:  finally  it  will  decrease  again  as  -  T^)  approaches 

zero.  In  the  "flat"  zone,  q  may  actually  rise  slightly  as  the  wall  tempera¬ 
ture  Increases. 
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Because  they  contain  large  amounts  of  hydrogen,  high  performance  propellants 
will  exhibit  a  wide  range  of  species  molecular  weights.  As  shown  in 
Section  2.2  of  Reference  4,  this  will  depress  the  Prandtl  number  to  values 
near  0.5.  Since  such  values  are  well  below  unity,  the  conventional  power 
dependence  of  h  on  Pr  must  be  replaced.  The  low  Prandtl  numbers  lead  to 
increased  values  of  h  compared  to  results  using  values  near  unity.  This 
increase  is  roughly  independent  of  wall_temperature .  At  this  point,  it 
should  be  realized  that  the  value  of  h/Cp  pertains  to  either  (1)  a  hydraulically 
smooth  wall,  or  (2)  a  particular  wall  roughness  if  an  expirical  constant  has 
been  introduced.  The  convective  coefficient  increases  as  the  wall  roughness 
and  gradually  becomes  Independent  of  the  local  Reynold's  number. 

In£omplete  combustion  of  metal  additives  will  decrease  Cp,  and  T^  while 
h/Cp  will  be  relatively  unaffected.  The  net  effect  will  be  a  reduction  in 
q.  If  wall  deposits  are  present  (especially  beryllia),  the  value  of  Tq  may 
approach  T^  because  of  the  oxide  insulation  effect.  Thus,  very  large  reduc¬ 
tions  in  heat  transfer  may  be  associated  with  poor  combustion.  Deposition 
alone  will  also  reduce  the  heat  transfer,  since  it  always  forces  T^  to 
higher  values  than  would  otherwise  prevail. 

Chemical  reactions  at  the  nozzle  surface  will  have  several  effects.  The 
common  reactions  are  endothermic.  This  will  tie  the  surface  temperature 
rise  directly  to  the  corrosion  rate.  The  corrosion  reaction  product  mass 
injection  (blowing)  effect  will  favorably  distort  the  boundary  layer  mechanical 
structure.  Finally,  the  change  in  boundary  layer  species  concentrations  will 
alter  Cp ,  viscosity  and  Prandtl  number.  The  reaction  heat  absorption  and 
blowing  effects  probably  dominate  in  reducing  the  heat  flux.  The  reaction 
heat  effect  should  be  included  in  defining  the  enthalpy  driving  potential. 

The  injection  of  insulation  pyrolysis  gases  into  the  boundary  layer  may  also 
reduce  the  heat  transfer.  Low  insulation  surface  temperatures  and  high 
ablation  rates  will  introduce  potentially  significant  film  cooling.  Reac¬ 
tions  between  the  exhaust  and  pyrolysis  gases  are  likely  to  be  endothermic 
for  most  plastics  in  cornnon  use.  Again  the  boundary  layer  composition  and 
corrosion  reactions  may  be  altered  significantly. 

Under  some  circumstances,  the  combination  of  the  above  effects  could  be 
cancelling  in  nature.  This  may  be  especially  true  if  measured  heat  transfer 
coefficients  or  heat  fluxes  are  averaged  over  the  entire  test  firing.  However, 
the  combination  of  poor  ccmbustion  and  deposition  (many  composite  propellants) 
may  cause  the  actual  heat  transfer  to  be  far  below  expectations.  Conversely, 
high  flame  temperatures,  good  combustion,  no  deposition  and  a  rough  wall  can 
lead  to  higher  actual  heat  transfer  rates  than  predicted.  In  the  latter  case, 
high  corrosion  rates  will  oppose  the  other  effects.  Note  that  graphite 
corrosion  will  normally  be  more  effective  than  tungsten  in  this  respect. 

However,  tungsten  may  remain  smooth  compared  to  the  graphite  because  of  its 
superior  microstructure  (ohysical  erosion  resistance). 
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There  are  some  applications  when  the  closed  form  nozzle  convection  equations 
cannot  be  used  directly.  A  good  example  is  the  plug  nozzle  system.  However, 
they  are  also  not  useful  In  the  motor  aft  closure  region  or  in  the  vicinity 
of  flow  stagnation  or  separation  regions  anywhere  along  the  nozzle  contour. 

In  these  cases,  boundary  layer  development  analyses  should  be  used.  Note 
that  no  restriction  has  been  placed  on  the  type  of  chemical  propulsion 
system.  The  use  of  a  boundary  layer  analysis  is  subject,  in  general,  to 
the  same  conditions  discussed  above  as  are  the  closed  form  equations.  It 
is  apparent  that  nozzles  have  and  could  continue  to  be  doomed  to  failure 
simply  because  the  heat  transfer  was  underestimated.  In  some  cases,  the 
degree  of  error  may  be  greater  than  a  factor  of  2.  The  less  extreme  cases 
are  believed  to  involve  error  factors  in  the  range  of  0.5  to  1.5,  with  the 
average  being  relatively  close  to  unity.  Because  of  the  dominance  of  the 
surface  roughness  and  surface  temperature  effects  (which  are  resisted 
primarily  by  the  corrosion  and  blowing  effects) ,  average  convective  heat 
transfer  coefficients  will  appear  to  increase  as  the  firing  time  increases. 
There  is  a  great  danger  in  using  correlations  and  data  from  short  time 
firings,  whether  or  not  deposition  protection  is  involved.  The  accurate 
prediction  of  heat  transfer  with  unrealistic  analyses  is  simply  the  result 
of  the  cancellation  of  neglected  effects. 

(2)  Corrosion  Rate  Theory 

Corrosion  of  nozzle  contour  materials  is  the  limiting  surface  degradation 
mechanism  in  the  absence  of  the  more  spectacular  mechanical  failure  mechanisms. 
The  prediction  and  measurement  of  corrosion  rates  of  graphite  materials  is 
a  matter  of  major  interest.  The  present  discussion  is  also  restricted  to 
gas-solid  reactions  with  all  gas  products.  However,  the  principles  can  be 
extended  to  other  materials  and  types  of  reactions  if  desired. 

The  gas  solid  reactions  of  interest  proceed  via  a  series  of  five  steps, 
namely : 


(a) 

Transport  of  the  reactive 
graphite  surface. 

gas  species  to  the 

(b) 

Absorption  of  the  reactive 
potential  surface  reaction 

species  at  a 
site , 

(c) 

Reac  t ion , 

(d) 

Desorption  of  the  product 

gas(s)  . 

(e) 

Transport  of  the  products 
re.-.ction  site. 

sway  from  the 

Because  the  system  is  essentially  in  ste.idy  mass  stcr.nge  eltects  can 

usually  be  neglected.  Regardless  of  the  rates  of  reactant  and  product 
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transport  rates,  the  chemical  potentials  will  act  to  establish  a  local 
equilibrium  concentration  at  the  gas-solld  boundary.  If  this  condition  Is 
closely  pproximated ,  the  rate  of  consumption  of  the  wall  material  will  be 
entirely  determined  by  the  rate  at  which  the  reactants  are  transported  to 
the  wall  or  the  rate  of  product  removal.  In  the  event  that  the  adsorption, 
desportion  or  reaction  s..eps  are  slow,  the  capacity  of  the  surface  to  react 
may  be  less  than  the  capacity  of  the  system  to  transport  the  reactants  or 
products.  la  this  case,  corrosion  is  said  to  be  limited  by  chemical  kinetics 
as  opposed  to  being  mass  transport  limited.  When  kinetics  pertain,  the  con¬ 
centration  of  the  reaction  products  (at  the  gas-solid  interface)  will  be 
less  than  (and  the  reactant  concentrations  more  than)  if  local  thermochemical 
equilibrium  pertained.  Note,  that  the  mass  transport  processes  must  continue 
in  a  steady  flow  system  regardless  of  kinetic  limitations.  The  mass  transport 
limited  case  implies  local  thermochemical  equilibrium  and  maximum  corrosion 
rat  ■ . 

When  kinetic  limitations  pertain,  empirical  information  must  be  available 
concerning  the  capacity  of  the  surface  to  react  as  a  function  of  reactant 
and  product  concentrations.  Consequently,  the  mass  transport  rates  must 
also  be  determined,  in  general,  to  find  the  appropriate  reaction  site  con¬ 
centrations,  Similarly,  the  problem  of  determining  the  composition  ot  the 
gas  phase  adjacent  to  the  wall  is  a  simple  matter,  provided  that  the  elemental 
composition,  temperature  and  pressure  are  known.  Again,  the  boundary  layer 
mass  transport  processes  must  be  characterized  to  find  the  elemental 
compositions . 

Reactive  and  reaction  product  species  flow  with  the  other  e.xhaust  components 
a'  'ng  the  gas  streamlines  which  approximately  parallel  the  nozzle  contour. 

As  a  result  of  the  reactions  at  the  gas-solid  interface,  the  concentrations 
of  the  species  involved  change  with  respect  to  their  concentrations  at  some 
distance  from  the  wall.  The  differences  in  these  concentrations  are  driving 
potentials  for  ordinary  molecular  diffusion  (pressure  and  thermal  diffusion 
m.ay  also  occur).  The  transport  of  molecular  species  occurs  in  the  direction 
of  tne  gradient  and,  usually,  in  the  wall  normal  direction  (across  flow 
streamlines).  Because  of  the  fundamental  similirity  of  molecular  diffusion 
to  energy  and  momentum  diffusion,  the  process  is  of  the  boundary  layer  type. 

In  fact,  under  certain  specific  conditions,  the  thermal,  velocity  and  con¬ 
centration  boundary  lavers  are  mathematically  identical.  It  Is  pcssible  then 
to  calculate  the  mass  transfer  in  the  .same  manner  used  to  rind  Lhe  convective 
heat  transfer  and  wall  shear.  Strictly  speaking,  the  idea  of  c  -ncentratlon 
gr.ndient  induced  molecular  diffusion  applies  or.Ly  to  the  laminar  flow  ca.se. 

Wi'.en  the  flc<w  is  turbulent,  bulk  or  eddy  diffusion  dern’in.-i  r  es .  However, 
the  transport  of  energy  and  momentum  occurs  tn  the  same  nkinner  and  t!>e 
procc.sses  remain  similar.  Large,  uncooled  jorzles  will  have  turbulent  boundary 
lavers.  Thus  it  is  reasonable  to  proceed  to  calculate  reactive  specie  and 
product  mass  tran.sport  using  turbulent  bou.idarv  layer  rlieory. 
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A  relatively  advanced  mathe^^atical  model  of  the  boundary  layer  diffusion 
mass  transport  has  been  described  in  Reference  4  (Pages  11  to  23) .  This 
model  includes  the  improvements  in  the  convective  boundary  layer  theory. 

It  also  is  shown  how  the  general  results  reduce  to  the  simpler  forms 
described  in  Section  2.2  of  References  1,  2,  and  3.  Since  the  advanced 
analysis  was  not  programmed,  it  is  not  presented  here.  However,  several 
comments  are  pertinent.  First,  it  should  be  observed  that  the  wide  variation 
of  molecular  weights  of  diffusing  species  negates  the  simplifying  assumption 
that  all  specie  mass  transfer  coefficients  are  equal.  Further,  since  each 
chemical  reaction  absorbs  or  releases  different  amounts  of  heat  energy,  an 
average  mass  transfer  coefficient  can  usually  not  be  defined.  The  diffusion 
of  species  at  different  rates,  necessarily  alters  the  elemental  concentra¬ 
tions  at  the  reaction  site  relative  to  that  obtained  by  saturating  the 
undisturbed  exhaust  with  wall  material  (normal  B  value  calculation).  Con¬ 
sequently,  corrosion  rate  predictions  which  depend  on  unity  or  average 
boundary  layer  Lewis  numbers  should  be  treated  as  coarse  estimates  only. 

The  program  test  results  make  it  emphatically  clear  that  oxide  deposition, 
poor  metal  combustion  and  chemical  reaction  heat  effects  should  be 
appropriately  treated  in  estimating  the  convective  heat  transfer  coefficients 
used  LO  predict  corrosion  rates. 

There  are  a  number  of  practical  situations  for  which  the  advanced  corrosion 
theory  will  not  apply.  In  general,  this  occurs  when  the  initial  and/or 
boundary  conditions  for  the  momentum,  energy  and  mass  transport  processes 
are  not  similar.  Changes  in  wall  material  (including  deposits)  along  the 
flow  path,  foreign  gas  injection  and  variation  in  contour  temperature  violate 
the  initial  condition  similarity  requirement.  (Note  that  the  coupling  of 
all  the  transport  processes  causes  errors  in  the  heat  transfer  and  skin  fric¬ 
tion  predictions  when  such  changes  occur.)  A  good  example  of  this  situation 
involves  a  tungsten  throat  insert  preceded  by  a  graphite  inlet  section. 
Instead  of  being  exposed  to  only  the  propellant  exhaust,  the  upstream  edge 
of  the  tungsten  also  sees  the  acetylene  product  of  the  carbon-hydrogen 
reaction.  The  acetylene  will  react  with  the  tungsten,  forming  condensed 
carbides  and  hydrogen.  The  acetylene  will  diffuse  both  toward  and  away  from 
the  tungsten  surface  until  it  is  completely  consumed  or  passes  beyond  the 
tungsten.  The  tungsten  carbide  will  tend  to  melt  and  flow  downstream, 
dissolving  more  tungsten.  This  process  will  continue  as  long  as  a  fresh 
supply  of  carbon-hydrogen  reaction  products  is  available. 

A  similar  situation  can  arise  when  pyrolytic  graphite  is  preceded  by 
polycrystalline  graphite.  The  inlet  section  is  likely  to  have  higher 
surface  temperatures  than  the  throat.  Especially  if  the  pyrolytic  graphite 
kinetically  resists  reaction  with  hydrogen  (relative  to  the  polycrystalline 
graphite),  an  excess  of  acetylene  will  flow  over  the  throat  section.  In 
this  case,  the  acetylene  will  prevent  or  retard  the  hydrogen  reaction 
relative  to  corrosion  model  predictions.  On  the  other  hand,  the  inlet 
section  may  be  coated  with  an  oxide  deposit.  Then  the  boundary  layer  will 
be  deficient  in  acetylene  and  rich  in  oxidizing  species.  Even  though  the 


boundary  layer  development  has  been  otherwise  normal,  the  corrosion  rates 
just  beyond  the  deposit  edge  will  be  very  much  higher  than  predicted.  The 
Injection  of  hydrocarbon  pyrolysis  gases  can  also  lead  to  two  direction 
diffusion  with  carburization  of  tungsten  and  protection  of  graphite. 

The  breakdown  of  the  transport  similarity  assumptions  should  not  be  con¬ 
fused  with  boundary  layer  starting  effects.  Thus  stagnation  point,  boundary 
layer  separation,  surface  roughness  and  free  stream  turbulence  have  a 
common  effect  on  the  transport  processes.  The  problem  here  Is  to  antici¬ 
pate  the  Increase  in  the  transport  coefficients  associated  wii:h  those 
effects.  Another  potential  problem  Involves  the  question  of  reaction 
kinetics.  The  requirements  for  obtaining  accurate  data  for  the  hydrogen 
and  nitrogen  reactions  with  graphite  and  the  correct  use  of  that  data 
should  be  obvious  (see  References  8  and  9).  There  may  also  be  a  problem 
with  the  boundary  layer  gas  phase  reactions.  Thus,  the  recombination 
reactions  and  the  reaction  of  acetylene  with  oxidizing  species  are  potenti¬ 
ally  subject  to  kinetic  rate  controls.  Note  that  the  C2H2  reactions  with 
H2O  and  CO2  may  eliminate  wall  oxidation  while  otP’  slightly  accelerating 
the  C2H2  formation  rate.  This,  along  with  iaa-  e  diffusion  analysis, 
could  be  mistaken  for  hydrogen-carbon  surf  'e  reaction  kinetics. 

A  significant  gain  in  the  understanding  of  the  solid  c.  ,Ket  nozzle  corro¬ 
sion  mechanics  has  been  made.  Coupled  wiv.h  the  improved  mathematical 
models  for  convection  and  diffusion,  it  should  now  be  possible  to  improve 
the  accuracy  of  nozzle  performance  predictions.  I'lcimately,  it  is  also 
necessary  to  accurately  cha’-acterize  the  nozzle  deposition.  Eventually, 
it  should  be  possible  to  iraprovs  the  » erfortianr.e  of  nozzle  throat  materials 
by  taking  appropriate  adv,  a>:a?  :  cf  deposition,  pyrolysis  gas  injection  and 
sacrificial  corrosion. 

(3)  Oxide  Deposition 

A  qualitative  model  of  the  wa.,!  deposit  flow  process  was  formulated  and  is 
described  In  Section  2.5  of  Reference  1.  A  preliminary  analytical  model 
is  described  in  Section  2.5  of  Reference  4.  This  model  considers  the 
transient  heat  transfer  to  and  through  the  deposit,  as  well  as  the  viscous 
transport  of  the  molten  material  along  the  nozzle  wall.  The  only  attempts 
to  carry  out  a  numerical  example  were  frustrated  by  mathematical  instability. 

The  deposition  process  is  necessarily  a  transient  one.  The  particle  impac¬ 
tion  rate  will  probably  change  considerably  with  time  due  to  transients  in 
the  propellant  combustion  process  and  chamber  flow  field  variation.  Then, 
sticking  of  the  particles  may  depend  both  on  the  impaction  parameters  and 
the  specific  temperature  or  physical  condition  of  the  surface.  Apparently, 
the  transient  thermal  response  of  the  nozzle  wall  materials  has  the  most 
pronounced  effect.  As  Iciig  as  the  nozzle  surface  temperature  remains  below 
the  deposit  melting  point,  some  of  it  will  be  solid.  Hie  deposit  thickness 
will  normally  be  made  up  of  the  solid  layer  and  a  Itquid  layer.  'ITie 


thickness  of  the  solid  layer  will  gradually  decrease  for  heat  sink  designs. 
The  liquid  layer  thickness  will  depend  on  the  melting  rate,  and  flow  from 
the  upstream  source,  the  local  impingement  rate,  the  oxide  viscosity, 
oxide  conductivity  and  local  gas  shear.  Basically,  the  nozzle  will  accumu¬ 
late  oxide  as  long  as  it  can  be  frozen  along  the  contour.  Once  the  deposits 
are  completely  melted,  they  will  flow  away  faster  than  new  material  can  be 
impinged.  Apparently,  the  endurance  of  the  deposits  can  be  extended  in 
time  by  nozzle  cooling  and,  to  a  leaser  extent,  by  increasing  the  deposition 
rate.  The  retention  of  alumina  for  long  periods  would  be  impractical  com¬ 
pared  to  beryllia.  However,  alumina  deposition  is  not  necessarily  negligible 
in  terms  of  its  effects  on  heat  transfer,  corrosion  and  ballistic  perform¬ 
ance,  particularly  in  small  nozzles  and  short  tests. 

The  analytical  technique  using  measured  thrust  and  pressure  (see  Section  5, 
Reference  A)  is  recommended  for  determining  the  nozzle  throat  deposition 
erosion  history.  Several  other  techniques  were  also  used  in  the  program 
and  are  described  in  Section  5  of  Reference  2.  The  resulting  variation  in 
nozzle  throat  area  can  be  used  directly  in  the  evaluation  of  ballistic 
performance  efficiency.  In  design,  the  predicted  variation  in  throat  area 
should  be  used  to  find  the  chamber  pressure  history.  For  small  nozzles, 
deposition  can  cause  major  excursions  in  chamber  pressure  and  significant 
variations  in  burn  time. 

f.  (U)  Program  Demonstration  Phase 

A  demonstration  of  some  of  the  analytical  techniques  developed  in  this 
program  was  conducted  at  the  completion  of  the  rocket  motoi  tert  phases 
The  motor  selected  for  this  purpose  was  the  X259-C2,  designed  and  built  by 
Hercules  Incorporated  under  Contract  AF04(69A) -762  sponsored  by  Ballistic 
Systems  Division,  Norton  Air  Force  Base,  San  Eernardinc,  California.  ITie 
motor  uses  the  Hercules  VID  propellant  and  a  Graph-i-tite  G-90  submerged 
nozzle.  The  study  was  linited  to  the  prediction  of  the  grapnite  nozzle 
thermal  and  chemical  response  and  the  motor  pressure  history.  A  variety 
of  cases  were  calculated  to  iliustraue  the  r'.mpo. tance  jf  deposition  a.id 
chemical  reaction  kinetics. 

The  results  of  the  study  were  sumraarizsJ  ii.  v  rc,.ort  ■  hich  waj  lisfriLuced 
only  to  the  Air  Force  and  Hercules  Incorporated,  The  X259-C2  motor  test 
had  not  been  conducted  at  the  completion  of  the  program  technical  perform¬ 
ance  period.  Since  the  predictions  cannot  b?  'compared  -.'ite  actual  lasults, 
the  demonstration  study  will  not  be  described  here.  The  objectives, 
approach  and  a  brief  description  of  the  analytical  results  may  be  found  in 
Reference  4,  pages  207  to  210. 

g.  (U)  Industrial  Hygiene  and  Safety 

An  e.xtensive  inaustrial  hygiene  and  safety  program  was  formu’ated  and 
carried  out  in  support  of  the  laboratory  studies  involving  toxic  materials. 
The  plan  ai’.d  results  are  described  in  Sections  6  of  References  1  through  4, 
Section  S  of  Reference  i.s  a  final  sunmiary  report  for  the  Industrial 
Hygiene  Program. 
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3.3  (U) 


ROCKET  MOTOR  TEST  OBJECTIVES  AND  DESIGN 


a.  Test  Objectives 

A  series  of  29  motor  test  firings  were  conducted  during  the  program.  Each 
test  involved  the  change  of  at  least  one  basic  design  parameter.  The 
objective  of  this  approacti  was  simply  to  produce  a  maximum  amount  of 
detailed  data  concerning  the  effect  of  major  design  parameters  on  nozzle 
performance.  The  design  parameters  selected  were: 

(1)  Prope..lant  formulation, 

(2)  Grain  design, 

(3)  Motor  configuration, 

(4)  Nozzle  configuration, 

(5)  Nozzle  materials, 

(6)  Nozzle  scale. 

The  small  motor  test  series  (designated  T-1  through  T-25)  were  conducted 
with  1  to  1-1/4  inch  nozzle  throat  diameters,  nominal  pressure  of  800  psia 
and  nominal  burn  time  of  20  seconds.  The  second  major  series  (designated 
T-51  through  T-54)  were  conducted  with  2.4  inch  throat  diameters  and 
23  second  nominal  burn  times.  In  each  test,  the  nozzles  were  designed  to 
reach  throat  surface  temperatures  in  the  5000  to  5500°F  range  to  simulate 
longer  firing  tires. 

The  motor  tests  were  grouped  according  to  the  major  design  parameters  under 
investigation.  The  objective  of  the  first  seven  tests,  designated  T-1 
through  T-7,  was  to  produce  baseline  heat  transfer  and  corrosion  data 
representative  of  complete  metal  combustion  for  each  of  the  program  pro¬ 
pellants.  Tests  T-5  through  T-8  used  aluminum  analogs  of  the  four  beryllium 
propellants  tested  in  T-1  through  T-4.  The  objective  of  the  analog  tests 
was  to  provide  a  direct  comparison  of  the  heat  transfer  and  corrosion 
mechanics  between  the  two  metal  additive  systems. 

Tests  T-8  through  T-11,  T-14  and  T-15  featured  major  grain  design  changes, 
with  internal  variation  of  propellant  formulation,  relative  to  the  design 
used  in  Tests  T-1  through  T-7.  Tests  T-12  and  T-13  featured  the  first 
significant  variations  in  nozzle  configuration.  Tests  T-16  through  T-20 
featured  the  variation  of  nozzle  materials  with  an  otherwise  standard 
motor/nozzle  configuration.  Tests  T-21  through  T-24  were  deliberately 
designed  to  achieve  poor  metal  combustion  for  three  beryllium  propellants 
and  two  nozzle  configurations.  The  objective  of  Test  T-25  was  to  demon¬ 
strate  the  influence  of  nozzle  heat  sink  capacity  on  nozzle  deposition, 
heat  transfer  and  corrosion. 


-44  - 


The  development  motor  tests,  T-51  through  T-54,  featured  a  change  in  nozzle 
scale.  The  nozzle  materials  and  propellant  formulation  were  varied  within 
this  series.  Tests  T-51  and  T-53  featured  a  variation  in  degree  of  nozzle 
submergence.  Test  T-52  featured  a  change  in  propellant  and  the  nozzle 
material  was  changed  on  Test  T-54.  The  nozzles  in  this  series  were  also 
designed  to  reach  temperature  levels  characteristic  of  long  firing  times 
relative  to  the  nominal  test  duration. 

The  measure  of  success,  in  terms  of  the  achievement  of  the  test  objectives, 
was  necessarily  more  complicated  than  in  propellant  development  programs. 
Basically,  it  was  required  that  reasonably  accurate  nozzle  thermal  response, 
deposition  and  corrosion  data  be  obtained  on  each  test.  Further,  it  was 
required  that  ballistic  and  photographic  data  be  obtained  for  each  test. 

It  was  also  required  that  the  hardware  be  recovered  from  each  test,  with¬ 
out  unnecessary  decontamination,  for  detailed  physical  and  chemical  examin¬ 
ation.  Specific  nozzle  erosion  or  motor  ballistic  performance  goals  were 
not  established  as  a  measure  of  test  success.  The  maintenance  of  overall 
nozzle/motor  integrity  was  regarded  as  a  basic  requirement. 

The  remainder  of  Section  3.3  describes  the  detailed  design  of  the  motors 
tested  in  this  program.  Specific  design  data  has  been  accumulated  in 
Appendix  I  and  II.  Table  III  of  Appendix  I  presents  a  summary  of  the 
design  parameters  and  nozzle  materials  by  motor  test  for  easy  reference. 
Section  3.4  and  3.5  will  subsequently  describe  the  test  results  and  the 
post  test  analysis  results,  respectively.  These  results  are  discussed  in 
Section  3.6  in  terms  of  the  achievement  of  the  test  objectives.  The  inter¬ 
pretations  of  the  test  results  are  also  reflected  in  the  other  sections  of 
this  report. 

b.  Propellant  Formulations 

The  philosophy  of  propellant  selection  was  discussed  in  Section  3.1. a. 

The  actual  formulas  are  given  in  Appendix  I  for  the  4  beryllium  and  3  alu¬ 
minum  propellants.  The  tests  in  which  each  propellant  was  used  are  indi¬ 
cated  with  the  formula.  It  is  emphasized  that  the  propellants  were  tailored 
for  use  in  this  program.  Consequently,  they  are  not  standards  in  any  sense. 

c.  Grain  Design 

Cross-sectional  views  and  dimensional  data  for  the  five  grain  designs  used 
in  this  program  are  given  in  Appendix  I.  The  designs  were  developed  specif¬ 
ically  for  use  in  this  program.  The  grain  configuration  merely  provided 
the  means  of  achieving  the  desired  exhauf  flow  field  characteristics. 

The  tests  in  which  each  design  was  used  are  indicated  on  the  cross-sectional 
views . 

The  600-pound  Aerojet  ADOBE  motor  cases  were  used  in  all  tests.  This  imposed 
limits  on  the  grain  diameters  and  lengths.  In  Che  process  of  developing  the 
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grain  designs,  it  was  found  that  limitations  were  also  imposed  on  the 
specific  choice  of  configuration.  Consequently,  it  was  not  possible  to 
achieve  all  of  the  potentially  desirable  grain  design/flow  field  effects. 
Although  the  grain  designs  were  frozen  as  late  in  the  program  as  possible, 
there  was  no  opportunity  to  effect  changes  after  evaluation  of  the  motor 
test  results. 

The  end  burning  grain  design  was  selected  for  the  basic  propellant/nozzle 
performance  Tests  T-1  through  T-7.  The  objectives  were  to  achieve  neutral 
burning  and  a  highly  uniform  flow  field.  The  grain  was  located  approxi¬ 
mately  24  inches  from  the  nozzle  throat  to  achieve  very  large  chamber 
residence  times  and  a  reasonably  small  percentage  variation  of  the  resi¬ 
dence  time  over  the  firing  period.  This  same  design  was  also  used  in 
Tests  T-21  through  T-24.  For  these  tests,  the  grain  was  translated 
12  inches  aft  to  shorten  the  initial  chamber  residence  times  to  essentially 
zero  at  the  aft  closure  outer  diameter.  The  residence  time  relative  to  the 
nozzle  throat  was  also  reduced  to  about  half  the  original  value.  Signifi¬ 
cant  changes  in  the  residence  times  over  the  test  period  were  unavoidable. 

The  Type  I  grain  design  was  developed  to  achieve  neutral  burning  and  cir¬ 
cumferentially  uniform  flow  with  the  simplest  internal  burning  configuration. 
The  circular  port  diameter  was  a  maximum  value  for  the  ADOBE  motor  without 
altering  the  common  grain  burn  rate  established  for  all  tests.  The  rela¬ 
tively  low  flow  velocity  associated  with  the  7-inch  port  presumably  mini¬ 
mized  the  possibility  of  dramatic  insulation  or  nozzle  materials  failure. 

This  design  was  tested  first  to  determine  its  suitability  for  use  in  the 
succeeding  nozzle  material  tests,  T-16  through  T-20  and  T-25.  The  design 
was  used  in  Tests  T-9,  T-11  and  T-14  with  three  beryllium  propellants  for 
direct  comparison  with  the  end  burning  grain  tests  (T-1,  T-3,  T-4,  T-21, 

T-22  and  T-24)  usi  g  those  same  propellants.  All  of  the  internal  burning 
grains  were  to  be  bonded  to  the  aft  closure  to  preclude  possible  failures 
of  aft  end  inhibitors.  Aft  end  burning  grain  designs  could  not  be  eval¬ 
uated  with  the  limited  number  of  tests  available. 

The  Type  II  grain  design  was  developed  to  achieve  neutral  burning  and  a 
simple  type  of  circumferentially  nonuniform  exhaust  flow.  The  circular 
port  diameter  was  chosen  to  be  the  seme  as  for  the  Type  I  grain  to  permit 
direct  comparison  of  results.  The  termination  of  the  single  axial  slot 
short  of  the  grain  O.D.  and  the  slot  width  of  1  inch  were  established  for 
convenience  and  to  achieve  nominally  neutral  burning.  This  design  was 
used  in  Tests  T-10  and  T-8  with  a  beryllium  propellant  and  its  aluminum 
analog  to  extend  the  metal  base  corapar'son  from  the  end  burner  to  complex 
internal  burning  grain  designs.  The  design  was  also  used  in  Tests  T-12 
and  T-13.  Thus,  with  T-10,  a  comparison  of  three  nozzle  configurations 
was  possible  with  all  other  parameters  fixed.  The  variation  of  slot 
width,  number  of  slots  and  slot  shape  could  not  be  investigated  with  the 
number  of  tests  available.  It  was  generally  assumed  that  such  effects 
could  be  predicted  from  the  results  of  the  single  slot  test. 
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The  Type  III  grain  design  was  developed  primarily  to  achieve  a  near  maxlai'am 
grain  port  velocity.  It  was  expected  that  -he.  Arcocel  319BRF  propellant, 
because  of  its  low  oxidation  ratio  (XSO),  j  c  .nieve  low  metal  combus¬ 
tion  efficiency  in  this  design.  Thus,  T-14  and  T-15  comprised  an  internal 
burning  grain  design  pair  likely  to  effect  wide  variation  in  nozzle  mater¬ 
ials  performance.  It  was  expected  that  the  slotted  Type  II  and  Type  III 
grain  test  results  could  be  compared  to  find  port  velocity  effects  in  non- 
uniform  flow. 

The  500-pound  grain  design  was  serious  y  restricted  by  the  motor  length 
which  could  not  accommodate  an  extension  of  the  Type  I  design.  A  scaled 
up  version  of  the  Type  II  design  was  selected.  This  selection  was  in  part 
based  on  the  observation  from  the  small  scale  tests  that  submerged  nozzles 
would  tend  to  damp  out  the  exhaust  flow  nonuniformities.  The  aft  end  of 
the  500-pound  grain  was  designed  to  be  compatible  with  the  submerged  nozzle 
and  the  aft  closure  insulator.  The  grain  circular  port  diameter  was 
3.8  inches  and  the  slot  width  was  held  at  one  inch.  Except  for  the  epoxy 
filler  at  the  forward  end  of  the  grain,  this  design  closely  approached  a 
reasonable  volume  fraction  for  this  motor.  It  was  believed  that  further 
increases  represented  a  serious  threat  to  achieving  reasonable  motor/ 
materials  performance. 

All  of  the  grain  designs  were  nominally  neutral.  This  requirement  was 
imposed  primarily  to  minimize  the  complexity  of  dealing  with  motor  pressv.ia 
variations  in  the  post-test  analysis  of  nozzle  performance  It  was  also 
expected  that  deposition  effects  would  be  more  visible  in  the  motor  pres¬ 
sure  trace  with  neutral  grains.  The  grains  were  all  designed  for  cartridge 
loading.  This  was  done  to  accommodate  the  pla.i  to  conduct  the  tests  at 
A.F.R.P.L.  facilities  while  the  grains  were  to  be  fabricated  by  Atlantic 
Research  Corporation,  Alexandria,  Virginia.  The  grains  were  shipped  in 
temperature  controlled  vans  and  subsequently  placed  in  controlled  tempera¬ 
ture  storage  at  R.P.L.  Actual  storage  times  were  kept  to  a  minimum  since 
the  grains  were  shipped  in  small  lots  just  ahead  of  the  motor  test  schedule. 

a.  Motor  Configurations 

Schematic  representations  of  the  basic  motor  configurations  for  each  test 
are  shown  in  Appendix  I.  The  excess  volume  in  the  forward  end  of  the 
ADOBE  motor  case  was  filled  with  wood  blocks.  Tlie  end  burning  grains  were 
installed  in  insulation  sleeves  which  were  bonded  to  the  aft  closure  insu¬ 
lation  during  assembly.  The  internal  burning  grains  were  bonded  to  micarta 
or  asbestos  phenolic  casting  sleeves  which  were  also  bonded  to  the  aft 
closure  insulator  during  motor  assembly.  Asbestos  phenolic  plates  provided 
base  support  and  insulation  in  all  tests.  Aluminum  and  steel  bearing  plates 
were  also  used  in  the  small  motor  tests.  Thin  aluminum  spacers  (forward  of 
the  asbestos  plate)  were  used  to  accommodate  grain  length  variations  and  to 
insure  positive  axial  compression  of  all  components  after  assembly  of  the 
motor . 
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The  aft  closure  insulators  were  potted  in  place  with  RTV-60  to  effect  a 
good  seal.  Failure  of  the  asbestos  base  plate  o-ring  seal  on  Tests  T-1 
and  T-2  (near  burnout)  caused  some  damage  to  the  ADOBE  barrels.  Redundant 
seals  were  added  in  this  area  to  prevent  further  leakage.  Otherwise,  the 
o-ring  seal  proved  to  be  sufficient  to  prevent  pressurization  of  the  for¬ 
ward  section  of  the  motors.  The  leakage  experienced  on  Tests  T-1,  T-2  and 
T-13  and  the  corrective  action  taken  are  discussed  in  Section  5 . 2  of  Ref¬ 
erences  2  and  3.  Other  details  of  the  development  motor  configuration 
(T-51  through  T-54)  may  be  found  in  Section  5.3  of  References  3  and  4. 


e.  Nozzle  Designs 


Cross-sectional  views  of  the  nozzles  tested  in  this  program  were  presented 
and  described  in  Section  5.2  of  References  1,  2,  and  3  and  in  Section  5.3 
of  Reference  3.  These  figures  are  included  in  this  report  in  Appendix  I. 

The  critical  dimensions  have  been  added  and  the  tests  using  each  design 
are  indicated.  In  all  cases,  the  designs  represent  a  simple  approach  to 
the  use  of  the  heat  sink  concept.  The  design  of  nozzle  subcomponents  was 
standardized  as  much  as  possible.  To  some  extent  the  designs  were  limited 
because  of  the  existing  ADOBE  aft  closure  bolt  circle,  the  thermal  instru¬ 
mentation  requirement  and  the  aft  closure  insulation  requirement.  Initially, 
tha  aft  closure  insulation  thicknesses  were  set  to  accommodate  the  maximum 
erosion  experienced  on  other  programs.  Eventually  the  aft  closures  were 
made  in  two  concentric  parts,  with  only  the  section  exposed  to  the  flame 
being  replaced  for  each  test.  The  small  nozzle  expansion  ratio  was  optimum 
for  the  RPL  ambient  pressure  of  13.2  psia.  This  could  not  be  done  on  the 
larger  nozzles  which  were  limited  to  an  area  ratio  of  5. 

The  pyrolytic  graphite  heat  sink  nozzles  were  used  in  the  majority  of  tests. 
This  was  done  to  take  advantage  of  the  low  thermal  conductivity  in  the  axial 
direction.  Thus,  each  washer  acts  somewhat  like  a  calorimeter.  This  per¬ 
mitted  the  convenience  of  measuring  temperature  responses  at  the  outer 
diameter  of  the  washers.  The  outer  diameter  of  the  washers  was  held  con¬ 
stant  for  the  small  motor  nozzles  except  for  T-25.  The  slight  variations 
in  nozzle  throat  diameters  did  not  significantly  alter  the  heat  sink  capa¬ 
city.  A  significant  change  in  radial  washer  thickness  was  introduced  in  the 
T-25  nozzle  to  clarify  the  effect  of  heat  sink  capacity  on  oxide  deposit 
behavior . 

The  tungsten  inserts  used  in  Tests  T-16  through  T-19  were  nominally  identi¬ 
cal.  The  design  analysis  indicated  that  these  inserts  would  not  be  signif¬ 
icantly  deformed  during  the  test.  Based  on  the  assumptions  employed  in 
the  analysis,  the  tungsten  insert  used  on  T-54  was  also  safe.  A  secondary 
support  ring  was  used  in  this  test.  This  ring  was  broken  into  four  seg¬ 
ments  during  assembly.  (Apparently  this  was  not  a  cause  of  the  failure 
which  ultimately  occurred.)  The  tungsten  inserts  used  in  the  small  nozzles 
were  also  cracked  (not  segmented)  during  manufacture.  The  axial  cracks 
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apparently  did  not  affect  the  insert  performance.  The  tungsten  inserts 
were  installed  in  ATJ  graphite  support  rings.  The  outer  diameter  of  the 
ATJ  rings  was  equal  to  that  of  the  ATJ  sleeve  used  with  the  pyrolytic 
graphite  washer  design.  Roughly,  then,  the  heat  sinks  were  approximately 
the  same,  thermally,  for  both  heat  sink  types. 

Nozzles  T-17  and  T-20  utilized  carbon  cloth  phenolic  in  place  of  the  ATJ 
graphite  in  the  entrance  section  of  the  conventionally  contoured  nozzles. 

This  was  done  to  examine  the  tungsten  carbide  formation  effect  (T-17)  and 
pyrolysis  gas  film  effect  on  pyrolytic  graphite  (T-20).  Carbon  cloth  nose 
caps  were  used  on  T-12,  T-18,  T-19  and  T-23,  all  of  which  were  submerged. 

With  the  expectation  that  the  details  o5  the  flow  field  induced  erosion 
would  be  clearer,  asbestos  phenolic  nose  caps  (instead  of  carbon  cloth) 
were  used  on  Tests  T-51  through  T-54.  Asbestos  phenolic  was  used  to  insu¬ 
late  the  aft  closure  and  nozzle  holders  in  all  tests,  primarily  because  of 
its  low  cost. 

The  three  nozzle  contours  (conventional,  steep  inlet  and  submerged)  used 
in  the  small  motor  tests  were  chosen  to  establish  a  significant  range  in 
this  design  variable.  Deep  submergence  of  the  small  nozzle  conflicted  with 
the  thermal  instrumentation  requirement  and  would  have  introduced  unnecessary 
failure  risks.  This  aspect  of  nozzle  contour  design  was  reserved  for  the 
larger  nozzle  Tests  T-51  and  T-53.  These  nozzles  were  submerged  to  approx¬ 
imately  10  and  1.5  percent,  respectively  (percent  of  grain  burning  surface 
behind  the  nozzle).  Note  that  the  T-23  nozzle  is  more  deeply  submerged 
than  the  T-12,  T-18  and  T-19  nozzles. 

The  thermal  expansion  allowance  for  the  pyrolytic  graphite  washers  was 
located  between  the  first  washer  and  the  entrance  section.  The  thermal 
expansion  gap  allowed  for  the  washers  to  be  heated  to  the  design  tempera¬ 
ture  (about  5000°F)  and  for  the  residual  char  of  the  RTV-102  filler.  The 
pyrolytic  graphite  washers  were  lightly  glued  with  epoxy  to  facilitate 
machiring.  The  washer  stack  was  glued  to  the  ATJ  graphite  sleeve  which 
was  al'o  glued  to  the  asbestos  phenolic  insulator.  It  was  not  expected 
that  the  glue  would  retard  free  expansion  of  the  washers  or  contribute  to 
the  axial  expansion  allowance.  Other  nozzle  components  were  glued  together 
to  provide  rigidity.  The  joint  between  the  nozzle  and  the  asbestos  phenolic 
aft  closure  insulator  was  filled  with  RTV-60  during  motor  assembly. 

More  detailed  discussions  of  the  nozzle  designs  and  assembly  procedures  may 
be  found  in  Section  V  of  References  1  through  4.  It  should  be  noted  that 
the  designs  are  relatively  rugged  and  somewhat  conservative.  However,  it 
should  be  apparent  that  the  designs  could  easily  be  converted  to  light  or 
flight  weight  if  desired.  The  nozzle  inlet,  exit  cone  and  insulation  design 
is  approximately  representative  of  a  40  to  60  second  test  duration. 
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f.  Test  Instrumentation 


A  detailed  motor  test  instrumentation  plan  was  formulated  and  carried  out 
in  support  of  the  objective  of  providing  maximum  characterization  of  nozzle 
performance.  Redundant  thrust  and  motor  pressure  measurements  were  required. 
Condensed  phase  plume  samples  were  obtained  and  motion  picture  coverage 
(3  or  4  views)  were  scheduled  for  each  test.  The  major  effort  was  devoted 
to  measuring  the  nozzle  thermal  response  and  post-test  soak  down.  The 
instrumentation  plan  and  the  specific  problems  which  developed  are  dis¬ 
cussed  in  detail  in  Section  4.3  of  References  1  through  4. 

A  relatively  standard  approach  was  taken  in  obtaining  axial  thrust  and  aft 
end  pressure  data.  Extremely  simple  grab  sampling  techniques  were  used 
to  capture  condensed  particles.  The  approach  and  technique  used  to  obtain 
the  thermal  response  data  should  be  of  general  interest  and  concern.  Con¬ 
sequently,  the  thermocouple  designs,  locations  in  the  nozzles  tested  and  a 
performance  summary  are  presented  in  Appendix  II 

g.  Fabrication  and  Assembly 

The  general  procedures  employed  in  the  fabrication  and  assembly  of  the  motor 
insulation,  nozzles,  grains  and  motors  has  been  described  in  Section  V  of 
References  ’  through  4.  A  number  of  specific  incidents  involving  near 
failure  or  failure  of  components  are  also  described  and  discussed.  Swelling 
of  some  plastic  nozzle  and  grain  insulation  sleeves  required  minor  rework 
of  the  part  or  motor.  Marginal  igniter  design  or  poor  igniter  placement 
apparently  precipitated  the  hang  fires  experienced  on  Tests  T-6,  T-24  and 
T-32. 


The  sealing  failures  experienced  on  Tests  T-1,  T-2  and  T-13  were  due  to 
inadequate  design  or  lack  of  seal  refurbishment.  Except  for  Test  T-54, 
there  were  no  major  or  minor  failures  which  did  not  directly  stem  from 
design  or  assembly  errors.  The  failure  of  Test  T-13  was  the  only  one  which 
led  to  extensive  loss  of  useful  test  results.  The  great  majority  of  the 
tests  wei.e  actually  carried  out  with  at  incidents  and  the  tests  met  or 
exceeded  design  expectations. 

The  instrumentation  plan  was  not  carried  out  as  successfully.  Improper 
thermocouple  installation  at  the  test  site,  loss  of  camera  coverage, 
plugging  of  pressure  ports  during  assembly  and  premature  shut  down  of  data 
recording  equipment  seriously  compromised  the  results  of  four  tests.  These 
problems  and  the  consequences  were  discussed  in  detail  in  Section  4.3  of 
References  2,  3,  and  4. 

Considering  that  there  were  two  component  manufacturers  involved  and  that  a 
third  party  conducted  the  motor  assembly  and  test,  the  overall  test  plan 
was  reasonably  effective.  It  is  emphasized  that  the  basic  designs  proved 
to  be  highly  effective.  In  no  case  was  a  major  or  minor  failure  attributed 
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to  unusual  characteristics  of  beryllium  propellants.  Apparently  then, 
relatively  ordinary  fabrication,  bonding,  assembly  and  sealin,^  techniques 
developed  for  aluminum  propellant  testing  are  equally  applicab'^  to  beryl¬ 
lium  propellants. 

3. A  (C)  MOTOR  TEST  RESULTS 

a.  (C)  Post-Test  Condition  of  Hardware 

The  tested  motor  components  were  disassembled  and  examined  before  and  after 
decontamination  operations.  The  nozzles,  aft  closure  insulation,  chamber 
liners,  asbestos  base  plates  and  chamber  residue  were  appropriately  packaged 
and  transported  to  Philco-Ford  for  post-test  examination.  The  ADOBE  motor 
components  were  decontaminated  and  reloaded  at  the  test  site. 

Inadequate  sealing  at  the  base  of  the  end  burning  grains  on  Tests  T-1  and 
T-2  led  to  a  partial  burn  through  of  the  chamber  wall.  The  extent  of  the 
damage  did  not  prevent  the  continued  use  of  the  chambers  after  appropriate 
modification.  On  Test  T-13,  the  potting  compound,  used  to  seal  the  aft 
closure  nozzle  bolts,  failed  or  was  missing.  A  leak  through  one  of  the 
bolt  holes  caused  a  dramatic  failure  of  the  aft  closure/nozzle  assembly 
approximately  midway  through  the  test.  The  steel  aft  closure  could  not  be 
repaired.  Pictures  of  the  damage  may  be  seen  in  Section  3.4  of  Reference  3. 
On  Test  T-54,  the  ADOBE  barrel  and  aft  closure  were  partially  burned.  The 
damage  occurred  at  the  bonded  joint  between  the  asbestos  phenolic  grain 
sleeve  and  aft  closure  insulator  at  the  end  of  the  grain  slot.  Minor 
burning  of  the  aft  closure  also  occurred  at  the  two  pressure  ports. 

The  internal  motor  insulation,  grain  filler  blocks  and  grain  casting 
sleeves  were  normally  in  excellent  condition.  There  appeared  to  be  more 
chamber  residue  associated  with  the  four  aluminum  propellant  tes.....  compared 
to  the  beryllium.  Many  of  the  asbestos  base  plates  and  aft  closure  insula¬ 
tors  were  decontaminated  and  reused.  Photographs  of  the  aft  closure  insula¬ 
tors,  in  the  as  received  condition,  may  be  found  in  Section  3.4  of 
References  2,  3  and  4.  In  general  there  was  almost  negligible  erosion  and 
charing  of  the  asbestos.  The  only  significant  damage  was  caused  in  the 
tests  using  slotted  grains.  The  slot  flow  caused  relatively  slight 
grooving  of  the  insulator  with  the  Type  II  and  Type  III  grains.  The  depth 
of  the  grooves  was  much  greater  on  Tests  T-51,  T-53,  and  T-54  with  about 
J/4  inch  of  material  being  removed.  In  contrast,  only  about  1/4  inch  of 
material  was  removed  on  Test  T-52  (hangfire).  In  the  majority  of  these 
tests,  a  shallow  groove  was  also  formed  in  the  aft  closure  insulator 
180  degrees  from  the  grain  slot.  The  aft  closure  insulators  from  the  end 
burning  grain  tests  were  extensively  coated  with  oxide  deposits.  Ti'.e  por¬ 
tions  of  Che  insulator  exposed  to  the  exhaust  flow  in  the  internal  burning 
grain  tests  were  relatively  free  of  deposits.  Tiie  aft  closure  insulator 
from  Test  T-13  was  badly  eroded  along  Che  exhaust  gas  leak  path,  but  was 
otherwise  normal  in  appearance. 
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The  post-test  condition  of  the  nozzles  can  best  be  visualized  by  examining 
the  photographs  in  Section  3.4  of  References  2,  3  and  4.  As  a  rule,  the 
entrance,  throat  and  exit  cone  sections  were  coated  with  oxide  deposits 
and/or  carbon  soot.  It  was  normally  possible  to  see  the  axial  grooves 
in  the  nozzle  inlet  and  throat  sections  (slotted  grain  tests).  Damage  to 
submerged  nozzle  nose  cap  and  ATJ  graphite  entrance  sections  could  also 
be  seen.  After  sampling  the  nozzle  surface  deposits  for  chemical  analysis, 
the  nozzles  were  cleaned  of  loose  deposits  for  closer  examination.  Throat 
diameter  measurements  were  made  before  and  after  this  proces.s.  Care  was 
taken  to  ensure  that  all  throat  deposits  were  removed  but  it  is  possible 
that  some  pyrolytic  graphite  may  also  have  been  removed  in  the  process. 

In  most  cases,  it  was  difficult  to  remove  the  oxide  deposits  to  examine 
the  actual  character  of  the  nozzle  surface. 

Basically,  very  little  information  could  be  obtained  through  visual 
examination  of  the  tested  hardware.  Removal  of  the  carbon  soot  (pyrolysis 
gas  cracking  during  cool  dov/n)  exposed  the  oxide  deposits.  It  is  difficult 
to  say  whether  the  deposit  appearance  is  actually  representative  of  condi¬ 
tions  during  the  test  or  not.  The  long  cocking  period  and  dissolution  of 
gases  during  motor  cool  down  probably  caused  some  change  in  the  character 
of  Che  deposits.  Aft  closure  deposits  were  thicker  at  the  bottom  of  the 
motor  and  tended  to  be  irregular  with  some  beading.  Entrance  section 
deposits  appeared  to  be  denser  and  more  uniform.  The  majority  of  the 
nozzle  throats  were  relatively  clean.  A  thick  deposit  was  removed  from 
the  throat  of  the  1-52  nozzle.  It  was  sectioned  and  examined  (see  Figure  21, 
Reference  4).  It  had  a  layered  structure  and  was  highly  porous  The  exit 
cone  deposits  varied  considerably  from  one  test  to  another,  both  in 
character  and  quantity.  The  beryllia  deposits  tended  to  be  thicker  at  the 
bottom  of  the  exit  cone  and  as  the  area  ratio  increased  axially.  Often, 
narrow  streams  extended  downstream  of  the  main  deposit  ,md  wa'-es  or  ripples 
could  be  seen  on  the  surface.  Circumferential  waves  could  also  be  seen 
in  the  tungsten  insert  throat  deposits  wi.l.ch  were  retained  tnroughout  the 
test . 


b.  (C)  Motion  Pictures 

High  speed  motion  picture  coverage  of  the  firings  proved  to  be  quite  useful 
in  interpreting  major  failures,  thermocouple  perfortr.ance  and  depcsit  expul¬ 
sion  characteristic;  .  The  plan  called  for  an  overi'.ead  axial  view,  an  oblique 
and  two  normal  views  of  the  mot-or  and  ex*  aust  plu.me.  ..\pproximately  bO  per¬ 
cent  of  the  desired  footage  was  actu.}!’  .  produced .  For  some  of  the  early 
tests,  no  film  was  obtained. 

The  normal  (90  and  270  degrees  relative  to  the  plume  axis)  views  were 
useful  in  evaluating  thermocouple  perfo.  'ance .  Leakage  produced  smoke 
which  was  visually  traced  to  the  appropriate  thermocouple .  Expelled 
thermocouples  weia,  ai.so  Identified.  -^urh  poor  thermocouple  performance 
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was  traced  to  poor  installation  practices.  The  leakage  often  stopped 
during  the  test  and  in  no  case  caused  damage  to  the  nozzle  or  motor.  The 
cause  of  failure  on  Test  T-13  was  clarified  considerably  as  the  films 
showed  the  initiation  and  growth  of  the  leak.  The  normal  views  also  showed 
that  the  plume  fluctuated  considerably  during  many  of  the  tests.  On 
Test  T-22,  the  use  of  filters  showed  that  exit  cone  detachment  and  con¬ 
densed  phase  flow  stratification  were  occurring.  Other  attempts  to  see 
through  the  plume  at  the  nozzle  exit  were  unsuccessful. 

The  overhead  axial  view  was  particularly  dramatic  for  the  firings  con¬ 
ducted  at  night.  Depos; Is  were  expelled  in  bursts  at  irregular  intervals 
over  the  beryllium  motor  tests  after  an  initial  delay  period.  Again,  the 
observed  behavior  of  deposit  expulsion  correlated  well  with  the  calculated 
throat  deposit  histories  (see  Section  3.b).  The  circumferential  uniformity 
of  the  bursts  and  the  quantity  of  material  expelled  varied  considerably. 
Evidently,  the  deposits  came  from  two  sources,  the  exit  cone  and  the  throat. 
The  breakup  of  small  portions  of  exit  cone  deposits  produced  relatively  fine 
sprays  confined  to  a  small  arc  of  the  plume  periphery.  Larger  amounts  of 
liquid  deposit  apparently  sheared  away  from  the  throat  and  flowed  or  rolled 
along  the  exit  cone  surface.  The  resulting  bursts  tended  to  contain  spher¬ 
ical  particles  estimated  to  be  up  to  1/4  inch  in  diameter  and  involved 
relatively  large  plume  arcs.  Deposits  sheared  away  from  the  wall  in  the 
process  are  believed  to  be  the  cause  of  observed  plume  flashes.  Such  drop¬ 
lets  would  be  retained  within  the  plume  and  not  be  directly  observed.  Their 
large  size  would  probably  precipitate  shocks  in  the  flow  which  would  accent¬ 
uate  the  magnitude  of  the  flash. 

These  general  characteristics  of  deposit  expulsion  are  in  complete  agree¬ 
ment  with  the  details  of  the  pressure-thrust  histories,  the  throat  deposit 
histories  and  the  post-test  character  of  contour  deposits.  The  aluminum 
propellants  (limited  movie  coverage)  did  not  produce  significant  deposit 
expulsion  externa]  to  the  plume.  Similarly,  only  minor  expulsion  v;as 
observed  for  those  beryllium  .f.i rings  in  which  there  was  very  little  throat 
deposition  (calculated) .  It  is  reasonably  clear  that  plume  sampling  and 
thrust  measurement  planning  sl.ould  consider  the  wall  deposit  expulsion, 
especially  with  beryllium  propellants. 

c.  (U)  Exhaust  Plume  Particle  Sampling 

A  variety  of  extremely  simple  grab  sampling  techniques  were  used  to  collect 
plume  particles.  The  performance  of  flat  surface,  dish  and  cup  type  samplers 
were  evaluated  on  the  early  tests.  These  were  combined  in  a  single  device 
(see  Appendix  II).  Some  glass  slide  samplers  were  also  used.  The  majority 
of  the  tests  were  sampled  with  small  glass  bottles  (one  end  open)  mounted 
on  a  vertical  post  (see  Appendix  II).  The  samples  were  collected  at  a 
distance  of  approximately  50  feet  from  the  nozzle.  The  glass  bottles  were 
used  to  collect  particles  at  several  elevations  above  the  test  pad.  All 
sampling  techniques  provided  quantities  sufficient  for  .analysis  but  none 
produced  large  samples.  All  of  the  program  tests  were  sampled. 
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d.  (C)  Pressure-Thrust  Measurements 

Two  pressure  and  two  thrust  measurements  were  planned  for  each  motor  test. 

The  two  sets  of  data  were  examined  and  evaluated  separately.  In  many  cases 
plugging  of  one  pressure  port  occurred  during  the  test.  On  Test  T-20,  both 
pressure  ports  were  sealed  during  motor  assembly  and  no  data  was  obtained 
The  two  sets  of  thrust  data  did  not  normally  precisely  agree.  In  some 
instances  calibration  errors  and  thrust  stand  resonance  were  evident.  The 
normal  procedure  was  to  use  the  highest  thrust  curve  unless  there  was  reason 
to  believe  that  it  was  not  valid. 

The  pressure  and  thrust  data  used  in  the  post-test  analysis  are  presented 
in  Appendix  III  for  all  of  the  program  motor  tests.  All  of  the  ballistic 
data  IS  also  available  in  digital  form.  The  pressure-thrust  histories 
were  previously  presented  in  Section  V  of  References  2,  3  and  4.  It  should 
be  noted  that  the  majority  of  the  pressure  traces  do  not  approximate  the 
nominal  neutral  design  specification.  This  is  basically  a  consequence  of 
the  nozzle  throat  deposition.  The  burn  rate  of  the  Arcocel  319BRF  grains 
was  somewhat  higher  than  that  of  the  others,  giving  rise  to  slightly  higher 
than  nominal  pressure.  Tests  T-6,  T-24  and  'r-52  were  hangfires.  Apparently 
ignition  was  marginal  on  the  end  burning  grain  Tests  T-1 ,  T-2,  T-4  and  T-5 
due  to  the  large  iree  volume  in  the  chamber.  The  greatest  deviations  from 
neutral  burning  occurred  with  the  slotted  grains.  This  is  believed  to  have 
been  a  result  of  the  radial  flow  stagnation  along  the  grain  surface  opposite 
the  slot.  This  flow  essentially  promoted  the  formation  of  a  second  (or 
mirror)  slot  with  the  result  that  the  grains  burned  progressively  during  the 
first  10  seconds.  There  was  no  evidence  that  the  grains  or  grain  inhibitor.s 
had  failed  on  these  tests.  Evidently,  this  type  of  erosive  burning  will 
occur  whenever  the  exhaust  generated  in  a  slot  must  flow  in  a  semiradial 
direction . 

The  irregularities  in  the  thrust  and  pressure  curves  are  believed  to  be  real. 
They  correspond  to  the  deposit  expulsions  observed  in  the  films  of  the 
firings.  The  magnitude  rf  the  spikes  correspond  well  with  the  apparent 
amount  of  material  expelled  in  a  burst.  When  both  the  pressure  and  thrust 
cur  .’es  reflect  and  expul.^-ion,  the  material  probably  originated  at  or  up¬ 
stream  of  the  throat.  When  only  the  thrust  trace  reacts,  only  exit  cone 
deposits  are  assumed  to  be  involved.  Further  clarification  of  the  deposit 
flow  and  expulsion  would  be  possible  with  side  thrust  and  motor  weight 
measurements . 


e.  (U)  Tiiermocouple  Data 


The  measured  thermocouple  output  data  were  converted  to 
plotted  for  each  nozzle  test.  Since  this  data  cannot  be 
directly,  it  has  not  been  included  in  this  report.  Data 
seven  test-  may  be  found  in  Section  2.5  of  Reference  2. 
remaining  small  motor  tests  are  given  in  the  Appendix  of 


temperature  and 
in  terpreted 
for  the  first 
Data  for  the 
Reference  3. 
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Data  obtained  for  the  development  nozzles  (T-51  through  T-54)  are  presented 
in  Appendix  A  of  Reference  4.  The  location  of  the  thermocouples  in  each 
nozzle  may  be  determined  by  referring  to  Appendix  II  of  this  report  or  to 
Section  4.3  of  References  1  through  4. 

The  quality  of  the  data  was  assessed  both  by  direct  examination  of  the 
results  and  by  post -test  examination  of  the  thermocouples.  Thermocouples 
were  destroyed  during  the  failures  on  Tests  T-13  and  T-54.  In  other  cases, 
the  wrong  type  thermocouples  were  installed  or  were  damaged  during  nozzle 
assembly  (see  Appendix  II).  Aside  from  the  obviously  bad  data,  much  of 
the  data  could  not  be  used  for  technical  reasons.  Thus,  when  a  means  of 
determining  the  oxide  deposit  thickness  away  from  the  throat  is  developed, 
the  nozzle  inlet  and  exit  cone  temperature  data  may  be  useful.  In  the  near 
future,  the  measurement  of  temperatures  at  or  near  the  throat  station  will 
be  most  useful.  It  should  be  noted  that  circumferential  variations  in 
temperature  were  measured  in  the  slotted  grain  tests.  Consequently,  multi¬ 
ple  throat  temperature  measurements  would  be  recommended  with  slotted  or 
star  type  grains. 


f 
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3.5  (C)  POST-TEST  ANALYSES  RESULTS 
a.  (C)  Visual  Examination 

Each  nozzle  was  cleaned  to  the  extent  necessary  to  distinguish  the  character¬ 
istics  of  the  surface  and  to  measure  the  throat  diameter.  The  nozzles  were 
then  sectioned  axially  and  examined.  The  nozzles  and  insulation  components 
were  photographed  before  and  after  sectioning.  These  photographs  were  pre¬ 
sented  in  Section  3.4  of  References  2,  3  and  4.  The  nozzle  cross-section 
views  are  also  included  in  Appendix  IV  of  this  report.  Both  nozzle  halves 
are  shown  when  there  are  significant  differences  in  their  appearance 
(slotted  grain  tests).  A  few  aft  closure  cross  sections  are  included  to 
indicate  the  extent  of  insulation  erosion  and  charing. 

The  most  outstanding  general  observations  were  that  most  of  the  nozzles 
appeared  to  be  essentially  undamaged  and  nearly  half  the  nozzles  had  no 
measurable  throat  regression.  With  only  the  few  exceptions  subsequently 
noted,  the  nozzles  which  were  undamaged  and  which  suffered  uniform  surface 
regression  were  tested  with  the  end  burning  and  Type  I  (circular  port) 
grains.  The  exceptions  to  the  "perfect  condition"  and  grain  design  general¬ 
izations  are  listed  below. 

(1)  Pyrolytic  graphite  washer  delaminations  -  observed 
in  most  tests,  usually  the  upstream  washers  but 
sometimes  only  one  washer  at  or  near  the  throat. 

(2)  Pyrolytic  graphite  washer  cracks  -  the  upstream 
washer  split  .xially  on  Tests  T-6  and  T-7. 

(3)  Pyrolytic  graphite  washer  pitting  -  some  very  small 
nodule  de lamination  pits  were  observed  in  the 
throat  washers  of  the  T-1,  T-7  and  T-9  nozzles,  only 
at  the  top  section  of  the  nozzle. 

(4)  Tungsten  insert  cracks  -  the  axial  cracks  formed 
during  machining  developed  axially  and  radially, 
several  circumferential  cracks  appeared  and  surface 
erosion  occurred  along  the  major  axial  crack  on  T-17. 

(5)  ATJ  Graphite  exit  cone  pitting  -  minor  and  randomly 
located  pits  were  observed  in  the  flame  side 
surface  of  most  of  the  exit  cones. 

(6)  ATJ  Graphite  entrance  cone  cracks  -  some  of  the 
entrance  cones  wer'  radially  cracked  during  the 
test  or  disassembly,  usually  forming  three  sections. 
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(7)  Carbon  cloth  de lamination  -  some  de lamination  and 
post  test  deformation  of  the  carbon  cloth  entrance 
cone  and  nose  cap  sections  was  observed  (Tests  T-17, 

T-18,  T-i'^  and  T-20) . 

(8)  Slotted  grain  tests  -  the  T-52  (pyrolytic  graphite) 
nozzle  throat  section  was  unique  among  the  slotted 
grain  tests  in  that  no  throat  regression  or  washer 
delamination  occurred. 

It  can  also  be  stated  that  the  general  appearances  of  the  nozzles  tested 
with  the  aluminum  and  beryllium  analogs  (T-1  through  T-7)  were  exceedingly 
similar. 

The  condition  of  the  nozzles  tested  with  the  Type  II  and  III  grains  was 
strikingly  different  from  the  other  nozzles  in  only  one  major  respect.  That 
is  that  axial  grooves  were  formed  in  the  aft  closure  insulator,  nozzle  inlet 
and  pyrolytic  graphite  throat  sections.  Except  for  Test  T-13,  there  were  two 
grooves,  one  in  line  with  the  grain  slot  and  the  other  180  degrees  from  the 
first.  These  grooves  were  quite  narrow  (not  more  than  the  grain  slot  width). 
The  depth  of  the  two  grooves  was  not  the  same  and  both  tended  to  disappear 
with  increasing  distance  in  the  flow  direction.  The  groove  surfaces  were 
almost  as  smooth  as  the  adjacent  material.  This  is  a  strong  indication 
that  they  were  not  caused  by  stress  induced  mechanical  erosion.  Actually, 
it  is  argued  that  the  grooves  were  formed  by  corrosive  action  alone.  On 
Test  T-13,  a  third  groove  extended  downstream  of  the  point  where  the  exhaust 
leak  occurred.  Although  deeper,  the  character  of  this  groove  was  similar 
to  the  others  and  is  believed  to  have  been  formed  in  essentially  the  same 
manner.  This  third  groove  is  obviously  not  related  to  the  grain  design  in 
any  way. 

The  grooves  formed  on  Test  T-8  (aluminum  analog  of  T-10)  were  barely  visible 
compared  to  the  others.  The  Type  III  grain  test  (T-15)  produced  the  deepest 
and  narrowest  grooves.  Evidently,  the  three  nozzle  contours  used  in  Tests 
T-10,  T-12  and  T-13  with  the  Type  II  grains  only  slightly  influenced  the 
character  of  the  grooves.  The  submerged  T-12  nozzle  did  not  have  a  major 
effect.  The  groove  formed  opposite  the  Type  II  grain  slot  was  the  deeper 
of  the  two  formed.  The  groove  in  line  with  the  grain  slot  was  deeper  with 
the  Type  III  grain. 

The  condition  of  the  development  test  nozzles,  T-51  through  T-54,  was  rela¬ 
tively  unique.  Although  the  500-pound  grains  were  slotted  similarly  to  the 
100-pound  grains,  the  nozzles  were  submerged  significantly  farther.  The 
slot  flow  stagnation  (radial)  cut  a  slot  through  both  the  asbestos  phenolic 
and  ATJ  graphite  sections  of  the  nose  cap.  Well  over  an  inch  of  each  of 
these  materials  was  removed  in  the  process.  The  slot  in  the  ATJ  section 
was  not  as  wide  as  the  grain  slot.  Extensive  loss  of  the  asbestos  phenolic 
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portion  of  the  nose  cap  permitted  leakage  under  the  ATJ  ring  near  the 
nose  cap  slot.  Immediately  adjacent  to  the  slot  in  the  ATJ  ring,  there 
were  relatively  high  spots  (or  ridges)  followed  by  secondary  grooves  which 
diminished  with  distance  away  from  the  ridges.  The  asbestos  phenolic  was 
eroded  almost  completely  away  in  the  vicinity  of  the  saddle  shaped  depres¬ 
sions  in  the  graphite  ring.  A  very  deep  and  fairly  narrow  groove  was  aJso 
cut  in  the  aft  closure  insulator  in  line  with  the  grain  slot. 

Grooves,  such  as  occurred  in  the  small  nozzles  opposite  the  grain  sic  , 
were  formed,  at  least  on  T-54.  They  were  extremely  hard  to  see  on  the 
other  nozzles  and  did  not  extend  into  the  nozzle  inlet  or  throat  sections. 

A  new  kind  of  groove  appeared  on  the  T-51  and  T-53  nozzles  in  lir.e  with 
the  grain  and  nose  cap  slots.  It  is  believed  that  these  grooves  were  a 
direct  consequence  of  the  nose  cap  slot  and,  thus,  only  indireci':]/  due 
to  the  grain  slot.  It,  is  believed  that  a  groove  was  also  formed  in  the 
tungsten  Insert  on  Test  T-54.  Such  a  groove  would  have  permitted  buckling 
and  expulsion  of  the  'nsert.  Only  slight  grooving  of  the  upstream  pyro¬ 
lytic  graphite  washer  occurred  in  line  with  the  nose  cap  slot  on  Test  T-52. 
This  nozzle  was  still  heavily  coated  with  oxide  deposits  after  the  test. 

The  grooves  in  the  T-51  and  T-53  nozzles  had  three  general  characteristics. 
First,  the  width  of  the  affected  area  was  much  greater  than  in  the  small 
nozzle  tests.  The  affected  area  was  also  wider  on  T-53  than  T-51. 

Secondly,  there  was  an  axial  ridge,  in  line  with  the  original  grain  slot, 
separating  the  damaged  area  effectively  into  two  grooves.  The  third  char¬ 
acteristic  was  the  extreme  roughness  of  the  damaged  area.  This  is  attrib¬ 
uted  to  the  spallation  of  surface  nodules  as  the  primary  groove  formation 
mechanism.  Evidently,  considerable  local  surface  smoothing  and  channeling 
also  occurred  via  corrosion.  More  massive  spalling  occurred  in  the  first 
two  washers  on  T-53;  the  roughness  tended  to  diminish  in  the  flow  and 
circumferential  directions  on  both  T-51  and  T-53.  Extensive  delamination 
of  the  three  upstream  washers  occurred  on  T-51.  The  throat  and  inlet 
washer  were  s.^ghtly  delaminated  on  T-53. 

The  ATJ  exit  cones  were  eroded  in  line  with  the  nozzle  throat  grooves  up 
to  one  inch  from  the  last  pyrolytic  graphite  washer.  Steps  between  the 
two  materials  were  not  formed  and  maximum  erosion  occurred  about  1/8  inch 
from  the  pyrolytic  graphite  washer  face.  The  surface  damage  was  most 
extensive  for  the  T-53  and  T-54  nozzles.  There  were  only  slight  indications 
of  erosion  on  the  T-52  exit  cone  and  the  T-51  nozzle  was  in  an  intermediate 
condition.  Exit  cone  surfaces  opposite  the  nozzle  groove  areas  were 
relatively  undamaged. 

The  tungsten  insert  was  expelled  during  Test  T-54.  The  motion  pictures 
indicated  that  the  main  insert  left  the  nozzle  and  hit  the  test  pad.  The 
insert  was  found  near  the  end  of  the  test  pad  about  60  feet  from  the 
nozzle.  The  movies  also  showed  the  segments  of  the  tungsten  support  ring 
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leaving  the  nozzle.  This  probably  occurred  after  the  main  insert  passed 
the  support  ring.  Only  one  support  ring  fragment  was  recovered  as  the 
sections  were  projected  well  beyond  the  test  pad.  The  one  section  recovered 
was  in  very  good  condition.  As  may  be  seen  from  the  photographs,  the  main 
insert  was  extensively  deformed  while  in  a  plastic  state.  By  finding  the 
points  where  the  thermocouples  contacted  the  insert,  it  was  determined 
that  the  missing  portion  of  the  main  insert  was  actually  in  line  with  the 
grain/nose  cap  slot.  Extensive  melting  and  flow  of  the  surface  material 
had  occurred  in  this  general  area.  This  was  a  direct  result  of  the  for¬ 
mation  of  the  low  melting  carbides.  The  carbide  formation  was  undoubtedly 
accelerated  by  the  extensive  corrosion  and  erosion  of  the  asbestos  phenolic 
and  graphite  nose  cap  sections.  The  flame  side  surface  of  the  main  insert 
had  a  very  shiny  appearance  which  is  characteristic  of  the  tungsten  carbide. 

It  is  emphasized  that  locally  poor  materials  performance  was  clearly 
related  to  the  introduction  of  flow  field  nonuniformities.  Even  when  this 
occurred,  the  performance  of  the  nozzle  materials  not  influenced  by  the 
flow  nonuniformities  was  as  good  or  better  than  in  the  uniform  exhaust 
flow  tests.  It  would  appear,  then,  that  the  materials  employed  in  this 
program  have  not  and  did  not  "fail"  solely  as  a  result  of  exposure  to 
beryllium  propellant  exhausts.  However,  visual  observations  and  physical 
measurements  do  not  provide  an  adequate  basis  for  interpreting  the  specific 
material  failure  mechanisms.  The  remainder  of  this  section  describes  the 
results  of  the  post-test  evaluation  of  nozzle  performance.  Seven  relatively 
distinct  segments  of  the  total  analysis  procedure  are  discussed  separately, 
even  though  they  are  closely  interrelated.  Section  "^.6  presents  a  more 
general  discussion  of  the  test  program  results. 

b.  (C)  Chemical  Analysis  of  Deposits 

Approximately  10  samples  of  chamber  residues  and  nozzle/aft  closure  wall 
deposits  were  taken  from  each  set  of  motor  test  hardware.  These  were 
analyzed  by  X-ray  diffraction  to  identify  the  phases  present  and  their 
relative  concentrations.  While  the  phase  concentrations  are  valid  for 
the  individual  samples,  they  do  not  provide  an  accurate  measure  of  wall 
deposit  composition  during  the  motor  firing.  The  results  of  the  sample 
analyses  are  tabulated  and  discussed  in  Sections  3.4  of  References  2,  3 
and  4.  As  would  be  expected,  the  major  phases  were  beryllia  or  alumina. 
Other  interesting  phases  were  found  as  described  below. 

Analysis  of  deposits  from  the  beryllium  propellant  tests  usually  showed 
only  beryllium  carbide,  carbon,  graphite  and  asbestos  decomposition 
products  to  be  mixed  with  the  normal  beryllia.  The  shiny  or  metallic 
appearance  of  the  chamber  slag  was  attributed  to  the  deposition  of  carbon 
and  formation  of  pyrolytic  graphite  during  motor  cooldown.  For  Test  T-13 
only,  a  small  amount  of  beryllium  metal  was  found  in  the  chamber  residue. 
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The  asbestos  decomposition  products  and  beryllium  carbide  were  usually, 
but  not  always,  found  on  the  nozzle  throat  and  exit  cone  surfaces.  Some 
tungsten  and  tungsten  carbide  was  found  in  the  exit  cone  surface  on 
Tests  T-16,  T-17  and  T-18.  The  asbestos  decomposition  and  tungsten/tungsten 
carbide  alloys  evidently  flow  along  the  contour,  subsequently  freeze  on 
the  exit  cone  and  could  be  expelled  in  the  exhaust  plume.  Mixtures  of 
beryls ia  and  the  asbestos  (or  silica)  decomposition  products  would  probably 
have  a  lower  melting  point  than  beryllia.  It  should  be  noted  that  beryllium 
carbide  and  beryllium  present  at  motor  shutdown  are  likely  to  decompose 
and  evaporate  during  the  low  pressure  heat  soak  period. 

Analysis  of  deposits  from  the  aluminum  propellant  tests  gave  similar  results 
with  two  main  exceptions.  No  aluminum  carbide  was  found  but  there  was 
some  aluminum  oxycarbide.  The  carbide  was  probably  present  but  hydrolyzed 
in  air  after  the  test.  Aluminum  metal  was  found  in  large  quantities,  both 
in  the  chamber  residue  and  aft  closure  insulation  deposits.  Evidently 
this  could  be  unburned  metal  or  a  decomposition  product  of  aluminum  carbide. 
Asbestos-aluminum  interactions  apparently  produced  the  aluminum  silicates 
found  on  the  aft  closure  insulator.  The  asbestos  decomposition  products 
were  also  transported  along  the  nozzle  contour  as  in  the  beryllium  tests. 
These  impurities  could  depress  the  melting  point  of  the  deposits  from  that 
of  pure  alumina. 

c.  (C)  Exhaust  Plume  Particle  Analysis 

Exhaust  plume  particles  from  the  program  motor  tests  were  found  to  be 
beryllia  or  alumina  by  X-ray  diffraction  analysis.  The  expected  beryllium, 
beta-beryllia,  beryllium  nitride  and  beryllium  carbide  either  were  not 
present  or  existed  in  undetectable  quantities.  It  is  speculated  that  these 
phases  (except  beryllium)  would  be  more  likely  to  appear  near  the  periphery 
of  the  plume  which  was  not  sampled.  However,  it  is  conceivable  that  such 
phases  could  be  produced  in  the  combustion  process  and  survive  the  flight 
through  the  nozzle.  They  would  probably  not  appear  as  discrete  particulate 
phases.  If  they  should  be  mixed  in  low  concentrations  with  beryllia,  they 
would  not  show  up  in  the  X-ray  diffraction  analyses. 

Selected  photographs  of  the  particles  were  presented  in  Sections  3.4  of 
References  2  and  4.  The  number  of  these  pictures  was  kept  to  a  minimum 
simply  because  there  were  few,  if  any,  significant  differences  among  the 
samples  from  different  tests  or  the  several  elevations  sampled  in  each 
test.  The  alumina  particles  were  hollow  spheres.  Their  diameters  appeared 
to  continuously  vary  from  about  0.1  to  8  microns.  The  beryllia  particles 
appeared  to  be  in  the  form  of  dense  hexagonal  rods  (crystals).  There  were 
a  very  large  number  of  these  particles  in  the  0.01  to  0.2  micron  size 
range.  There  was  a  second  distribution  of  particles  in  the  range  of  about 
0,5  to  5  microns.  Samples  from  the  development  motor  tests  appeared  to 
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contain  a  greater  number  of  these  larger  particles.  However,  some  of  the 
particles  were  apparently  fused  together,  giving  the  impression  that  the 
particles  were  irregular  and  as  large  as  10  microns.  Attempts  to  measure 
the  beryllia  particle  size  distribution  with  a  Coulter  counter  were  not 
successful . 

The  very  small  beryllia  particles  are  presumed  to  have  condensed  from  the 
vapor  phase  during  rapid  combustion  of  the  metal  particles.  Apparently, 
nucleation  is  not  difficult  and  there  is  little  evidence  of  subsequent 
particle  growth.  It  is  also  presumed  that  the  larger  particles  are  the 
result  of  metal  particle  surface  oxidation  reactions  and  vapor  condensation 
during  metal  particle  combustion.  If  this  is  true,  their  size  distribution 
should  be  related  to  that  of  the  metal  in  the  propellant  (including  agglom¬ 
eration  effects).  It  is  suggested  that  the  condition  of  beryllia  exhaust 
particles  is  more  indicative  of  the  beryllium  combustion  process  than  is 
the  case  in  the  aluminum  system.  The  beryllia  particle  sizes  suggest  that 
two  phase  lag  losses  may  be  lower  than  in  the  aluminum  system.  The  sam¬ 
pling  techniques  employed  in  this  program  (and  perhaps  others)  were  not 
adequate  to  clarify  the  combustion  or  two  phase  flow  processes  further. 

d.  (C)  Throst  Deposition/Erosion  History 

Two  basic  techniques  were  developed  to  determine  the  variation  of  nozzle 
throat  radius  with  time  during  the  test  period.  One  method  utilizes 
adjusted  grain  burning  rate  data  and  the  measured  chamber  pressure  history. 
This  technique  is  most  applicable  to  cases  where  the  grain  burns  neutrally 
or,  at  least,  in  accordance  with  the  design  plan.  The  second  method 
utilizes  the  measured  thrust  and  pressure  data.  These  techniques  (and 
variations)  are  described  in  detail  in  Section  5.2  of  Reference?  2  and  4. 

A  comparison  of  the  results  of  the  two  techniques  is  also  given  in 
Reference  4  for  several  tests.  The  F/P  method  described  on  Pages  164-175 
of  Reference  4  is  generally  preferred  when  thrust  data  is  available.  Both 
methods  are  subject  to  errors  associated  with  the  input  ballistic  or  grain 
burning  rate  data.  Imprecision  of  the  actual  calculations  will  also  be 
significant  and  will  become  greater  as  the  nozzle  scale  (throat  diameter) 
is  increased.  It  is  emphasized  that  the  throat  deposition/erosion  history 
must  be  determined  and  used  in  the  detailed  evaluation  of  heat  transfer, 
corrosion  and  ballistic  performance. 

The  throat  radius  histories  developed  for  the  program  motor  tests  are 
included  in  Appendix  V.  (In  the  future,  it  would  be  most  useful  to  present 
this  data  on  the  pressure-thrust  curves.)  A  review  of  these  curves  indi¬ 
cates  that  there  are  several  general  characteristics.  Thus,  there  is 
nonr.ally  a  delay  of  a  few  seconds  before  deposits  appear  at  the  throat. 

On  Tests  T-3  and  T-6,  corrosion  occurred  prior  to  the  arrival  of  the  deposit 
pulse.  In  spite  of  the  hangfire  on  T-6,  this  is  strong  evidence  of 
analogous  behavior  of  comparable  aluminum-beryllium  propellants.  (The 
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extensive  similarity  of  the  analog  pairs  can  also  be  seen  by  comparing  the 
T-l/T-7,  T-4/T-5  and  T-8/T-10  deposit  histories.)  Corrosion  apparently 
also  occurred  before  deposition  on  Test  T-20.  However,  no  pressure  data 
were  obtained  on  this  test  and  the  deposit  curve  was  approximated  from  the 
thrust  data  using  other  test  results  as  a  guide.  The  length  of  the  delay 
period  was  reduced  considerably  in  the  Type  II  slotted  grain  tests.  This 
is  believed  to  be  a  result  of  direct  impingement  in  the  near-throat  region 
induced  by  the  strong  radial  flow  from  the  grain  slot. 

A  second  general  characteristic  of  the  deposit  curves  is  that  they  tend  to 
build  up  to  and  retreat  from  a  peak  value.  This  is  consistent  with  the 
expected  transient  heat  sink  response,  oxide  insulation  ffect  and  molten 
oxide  flow  model.  The  lower  peaks  seen  on  either  side  of  the  maximum 
corresponds  to  similar  fluctuations  in  the  pressure  histories.  The  early 
subpeaks  may  be  caused  by  metal  or  asbestos  decomposition  products  depres¬ 
sion  of  the  oxide  melting  point.  The  later  subpeaks  probably  reflect 
deposit  flow  instability.  That  is,  large  amounts  of  liquid  flowing  in  the 
high  flow  acceleration  region  (throat)  may  develop  waves,  crest  or  break 
up.  There  are  some  tests  in  which  a  plateau,  rather  than  a  distinct  peak, 
is  established.  This  corresponds  to  low  flame  temperature,  low  oxide 
melting  point  or  poor  combustion  efficiency.  This  type  of  deposit  behavior 
could  probably  be  produced  by  supplementally  cooling  of  the  nozzle.  The 
data  for  T-11,  T-14  and  T-53  are  relatively  unique  because  there  was  very 
little  deposition.  This  suggests  that  no  deposit  freezing  occurred  at 
the  throat  or  that  there  was  actually  little  or  no  particle  impingement. 

The  former  would  be  expected  for  T-11  and  T-14.  Deep  nozzle  submergence 
on  T-53  apparently  minimized  deposit  formation. 

Once  again  the  Type  II  slotted  grains  exhibited  a  unique  characteristic. 
Thus,  after  a  relatively  normal  deposition  pulse,  followed  by  throat 
corrosion,  the  deposits  built  up  for  a  second  time.  Since  only  the  average 
deposit  thickness  can  be  determined  at  any  instant,  these  curves  are 
strongly  affected  by  nonuniform  deposition.  Note  that  the  Type  III  and 
500-pound  grain  tests  did  not  exhibit  the  Type  II  grain  deposition  charac¬ 
teristics.  This  is  presumably  due  to  the  lower  strength  of  the  radial  slot 
flow  and  nozzle  submergence.  The  return  of  deposits  with  the  Type  II 
grains  may  be  due  to  the  development  of  the  mirror  slot  in  the  grain  and/or 
the  unusually  low  pressures  during  the  regressive  burning  portion  of  the 
test . 

Comparisons  of  the  deposition  curves,  according  to  the  major  motor  design 
parameters,  were  presented  in  Section  4.2  of  References  3  and  4  (sec 
Appendix  V).  The  most  obvious  general  results  of  tliis  comparison  are  as 
fol lows : 

(1)  The  deposit  curves  are  strongly  related  to  the 
grain  design. 

(2)  Nozzle  submergence  reduces  deposition. 
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(3)  Poor  metal  combustion  stimulates  higher  deposition. 

(4)  Deposition  decreases  with  increasing  flame 
temperature. 

(5)  Deposition  increases  with  increasing  heat  sink 
capacity . 

(6)  Beryllia  and  alumina  deposition  characteristics 
are  similar,  probably  due  to  the  approximate 
cancellation  of  the  melting  point  and  thermal 
conductivity  effects. 

(7)  Qualitative  deposit  curve  characteristics  were 
reproducible . 

(8)  Tungsten  throat  deposit  curves  were  similar  to 
those  for  pyrolytic  graphite  throats. 

(9)  Deposit  curves  were  essentially  reproduced  in 
tests  using  the  same  propellant,  grain  design 
and  nozzle  contour. 

(10)  Carbon  cloth  nozzle  inlet  sections  did  not  alter 
the  deposition  characteristics  significantly. 

The  throat  radius  history  curves  also  provide  a  relatively  detailed 
picture  of  the  nozzle  throat  regression.  The  endurance  of  the  deposits 
in  the  small  nozzle  tests  accounted  for  the  small  amount  or  total  lack  of 
throat  corrosion.  It  should  be  noted  that  the  slopes  of  the  erosion 
portion  of  the  throat  radius  histories  are  not  normally  smooth.  This 
would  be  a  logical  result  of  nonuniform  deposit  flow.  In  fact,  the  corro¬ 
sion  was  also  ncnuniform  when  it  occurred  only  after  deposit  removal.  It 
is  reasonably  certain  that  the  deposits  were  normally  removed  first  from 
the  top  section  of  the  throat  surface.  The  throats  were  elliptical  in  this 
case  while  they  were  almost  perfectly  circular  when  corrosion  occurred 
prior  to  the  arrival  of  deposits.  Except  for  the  nonuniform  deposition 
effect,  the  "true"  throat  corrosion  rates  can  be  determined  directly  from 
the  throat  radius  history  (slope  of  the  erosion  portion  of  the  curve). 

The  Lime  when  this  corrosion  occurred  can  also  be  identified.  This  permits 
the  estimation  of  the  throat  surface  temperature  when  corrosion  occurred. 

e.  (C)  Ballistic  Performance 

Ballistic  performance  data  were  calculated  for  all  of  the  motor  tests 
except  T-8  and  T-54.  To  lecomput  inc  S.-rvices,  Inc.,  under  contract  to 
AFRPL,  computed  the  average  C*  an  Irp  as  part  of  the  normal  ballistic  and 
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thermocouple  data  reduction  process.  Such  results  were  based  on  an  average 
of  the  initial  and  final  throat  areas.  This  procedure  is  net  realistic 
when  both  deposition  and  erosion  occur  or  no  erosion  occurs  during  the 
test.  Note  that  the  final  throat  measurement  may  not  be  representative  of 
the  deposition  at  burnout.  Consequently,  the  performance  data  were  also 
hand  calculated  as  described  in  Section  5.2  of  Reference  2.  The  procedure 
employed  essentially  integrates  the  complicated  throat  area  history  in 
lieu  of  assuming  a  linear  variation.  Attempts  to  determine  the  instanta¬ 
neous  variation  in  C*  were  relatively  unsuccessful  since  the  exhaust  mass 
flow  rates  were  not  sufficiently  well  known. 

The  balli'stic  performance  data  are  presented  in  Appendix  VI  in  tabular 
form.  Action  ti^e,  propellant  weight,  chamber  pressure,  thrust,  C*  and 
Impulse  data  are  included.  Integral  average  and  maximum  values  are  given 
for  pressure  nnd  thrust.  The  ideal  C*  at  the  nominal  design  pressure  are 
given  for  reference,  along  with  the  values  computed  by  Telecomputing 
Services  Inc.  (subscript  TSI)  and  Philco-Ford  (subscript  ADP).  The  TSI 
and  ADP  computed  values  for  the  Integral  average  impulse  are  also  tabulated 
Note  that  the  C*  and  Isp  data  are  not  representative  of  instantaneous  or 
maximum  delivered  performance.  Note  also  that  the  ADP  performance  values 
were  computed  using  the  throat  radius  history  data  given  in  Appendix  V. 

The  ideal  equilibrium  performance,  corresponding  to  the  actual  average 
chamber  pressure  for  each  test,  was  computed  in  order  to  establish  effi¬ 
ciency  ratings.  This  was  done  for  two  or  three  chamber  pressures  covering 
the  range  of  the  average  motor  pressures  recorded  for  each  propellant. 

The  results  were  plotted  and  the  individual  test  performance  values  were 
read  from  the  resulting  curves  (see  Appendix  VI).  The  ideal  impulse  values 
are  still  in  error  since  they  correspond  to  the  initial  nozzle  expansion 
area  ratio.  The  ADP  values  of  C*  and  Isp  were  then  used  to  compute  the 
performance  efficiencies.  The  results  are  included  in  Appendix  VI. 
Basically,  it  was  felt  that  neither  the  performance  data  or  the  efficienev 
ratings  could  be  evaluated  directly.  On  the  other  hand,  it  was  highly 
desirable  to  obtain  an  estimate  of  the  average  metal  combustion  efficiency 
for  each  test. 

The  ballistic  efficiency  data  were  approximately  corrected  for  three  major 
losses.  The  results  are  included  in  Appendix  VI.  The  .‘^lag  effect  repre¬ 
sents  the  reduction  of  the  propellant  weight  to  account  for  Che  retention 
of  slag  within  the  motor  and  the  low  performance  expulsion  of  liquid 
aeposits  throughout  the  tost.  Tliese  estimates  . ange  from  i/2  to  4-1/2  per¬ 
cent  and  affect  C*  and  Isp  equally  (ex.epC  tor  T-13  wliich  developed  a 
leak).  The  corrections  are  based  on  the  post-test  exaninatior;  of  the  hard¬ 
ware  and  the  deposit  expulsion  observed  in  the  test  movies.  Th.o  heat 
t rans fo r /sk i n  friction  losso-s  range  fro..^  I  to  2-1/2  percent  and  are  i/2  per 
coni,  greater  for  Isp  than  C*.  The  variation  of  the  correction  from  test 
to  test  reflects  the  change  in  i  xrosed  noz.-Io/aft  closure  snr.ace  area  and 
temperature.  A  3  percent  ! ii'er-genc-..  angle  correction  was  uniiormly  applied 
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to  the  Isp.  A  secondary  side  thrust  correction  was  added  to  account  for 
the  nonunifomi  slag  expulsion  and  plume  detachment  observed  in  the  test 
movies.  Note  that  no  correction  was  made  for  two-phase  lag  losses.  It  is 
emphasized  that  the  corrections  are  essentially  rough  estimates  as  opposed 
to  rigorous  analytical  results. 

According  to  the  metal  combustion  model  developed  in  the  program,  the 
remaining  C*  loss  should  be  indicative  of  the  average  metal  combustion 
efficiency  for  the  entire  test.  If  none  of  the  metal  burned  at  all,  the 
C*  efficiencies  would  be  in  the  range  of  75  to  80X,  less  the  unusual  drag 
loss  effect.  There  is  no  convenient  way  to  estimate  the  range  of  combus¬ 
tion  efficiency  from  the  adjusted  averages.  In  reviewing  the  adjusted  C* 
efficiencies  given  in  Table  III  of  Reference  4,  some  numerical  errors  were 
discovered.  The  correct^-,  data  are  included  in  Appendix  VI.  Although 
numerical  inaccuracy  and  poor  estimates  of  the  accounted  losses  can  not  be 
ruled  out,  the  most  probable  errors  remaining  are  associated  with  the 
throat  deposition/erosion  history.  Since  an  integral  average  throat  area 
is  used,  such  errors  are  not  likely  to  be  greater  than  about  2  percent. 

In  any  case,  C*  efficiencies  above  98  percent  are  regarded  as  indicative 
of  high  metal  combustion  efficiency.  Evidently  then,  the  majority  of  the 
tests  satisfied  this  condition.  It  appears  that  the  efficiency  of  the 
double  base  propellents  decreased  in  going  from  the  remote  end  burning 
grain  to  the  internal  burning  grains. 

The  Arcane  54F  (Tests  T-4  and  T-11)  showed  the  opposite  trend.  The  close 
end  burners  (T-21  and  T-23)  gave  very  low  performance  for  the  Arcocel  19 IF 
compared  to  the  high  residence  time  design  of  T-1.  This  occurred  to  a 
lesser  degree  for  the  Arcocel  319BRF  (T-3  and  T-24)  and  Arcone  54F  (T-4 
and  T-22).  Submerged  nozzles  apparently  induced  lower  performance  with 
the  Arcocel  19 IF  but  not  with  the  Arcocel  319BRF  propellants.  The  most 
significant  result  is  believed  to  be  the  distinct  loss  of  C-'  performance 
corresponding  to  the  reduction  of  chamber  residence  time  (at  low  flow 
velocities)  on  Tests  T-21,  T-22  and  T-23.  It  follows  that  materials  up¬ 
stream  of  the  throat  may  be  exposed  to  incompletely  burned  exhausts  in 
general.  It  is  also  logical  to  expect  that  this  problem  would  be  most 
severe  during  the  earliest  portion  of  the  test.  Evidently  more  testing 
weald  be  required  to  clarify  the  dependence  of  combustion  efficiency  on 
propellant,  flow  velocity,  residence  time  and  nczzle  contour  parameters. 

The  data  from  these  tests  do  provide  preliminary  indications  that  such 
dependencies  actually  exist. 

The  impulse  efficiency  data  indicates  that  the  performance  of  the  500-pound 
grains  was  significantly  better  than  that  of  the  snail  grains.  Evidently 
this  is  a  combination  of  the  scale  effect  and  the  lower  expansion  area 
ratio.  It  is  interesting  to  note,  however,  that  the  first  15  small  motor 
tests  had  significantly  higher  impulse  efficiencies  than  the  last  10  tests. 
This  trend  is  strong  enough  to  suspect  that  a  thrust  stand  cir  calibration 
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error  may  be  involved.  Normally,  impulse  efficiencies  above  94  to  95  per¬ 
cent  would  be  reasonable  for  the  small  motor  tests.  Apparently,  the 
beryllium  propellants  tested  are  capable  of  delivering  such  performance. 

In  the  future,  the  accurate  measurement  of  motor  performance  should  be 
given  the  greatest  possible  emphasis.  Deposition  effects  on  throat  area 
and  thrust  should  not  be  neglected.  Average  C*  efficiency  data  can  provide 
a  coarse  indication  of  poor  combustion  and  more  particularly,  the  degree 
of  metal  burning.  Ultimately,  it  would  be  highly  desirable  to  obtain  a 
motor  weight  history  (small  motors)  to  permit  the  instantaneous  evaluation 
of  C*  and/or  oxide  deposition. 

f.  (C)  Fluid  Mechanics 

Fluid  mechanics  studies  leading  to  improved  boundary  layer  and  fluid  proper¬ 
ties  characterization  have  been  discussed  in  other  sections  of  this  report. 
Additional  efforts  were  devoted  to  estimating  the  flow  fields  character¬ 
istic  of  the  program  grain  design-nozzle  contour  combinations.  The  objec¬ 
tives  were  to  provide  approximate  locations  of  the  areas  along  the  motor 
contour  where  flow  stagnation  and  particle  impaction  would  occur.  This 
was  done  after  the  test  firings  and  emphasis  was  placed  on  explaining  the 
aft  closure-nozzle  grooving  phenomenon  associated  with  the  slotted  grains, 
schematic  representations  of  the  motor  flow  field  and  condensed  phase 
impaction  profiles  are  included  in  Appendix  VII. 

The  estimates  of  the  chamber-nozzle  exhaust  flow  fields  were  generally 
influenced  by  the  results  of  the  cold  flow  modeling  studies  and  experience 
with  potential  flow  theory.  The  results  for  the  end  burner  and  center 
perforated  grain  designs  are  quite  simple.  Basically,  when  the  flow  stream¬ 
lines  are  turned  by  the  wall,  the  condei:sed  phases  will  be  centrifuged 
accordingly.  Thus,  in  a  flow  stagnation  region,  the  particles  will  not 
negotiate  the  turn  and  will  strike  the  wall.  This  occurs  in  very  limiter 
areas.  Note  that  the  flow  stagnation  will  induce  high  heat  transfer, 
corrosion  and  gas  shear  in  about  the  same  areas  where  impingement  occurs. 

The  opposite  effect  can  also  be  produced  when  the  centrifugal  forces  are 
in  a  direction  away  from  the  contour.  This  occurs  when  a  submerged  nozzle 
is  used.  The  flow  around  the  submerged  nose  cap  tends  to  shield  it  against 
the  axially  directed  main  flow.  The  more  mass  flowing  around  the  nozzle, 
the  more  effective  is  the  shielding.  This  shielding  reduces  particle 
impingement,  heat  transfer  corrosion  and  gas  shear.  At  some  submergence, 
impingement  along  the  convergent  portion  of  the  contour  should  be  elimi¬ 
nated  entirely.  This  condition  was  approached  on  Test  T-53  at  approximately 
15  percent  submergence.  Note  that  essentially  the  same  shielding  effect 
occurs  once  the  flow  becomes  parallel  to  the  steep  inlet  and  conventionally 
contoured  nozzle  designs.  Thus,  as  the  flow  approaches  the  inlet  and/or 
throat  sections,  condensed  phases  near  the  wall  wil!  tend  to  be  centrifuged 
toward  the  nozzle  centerline.  This  leads  to  the  ideas  of  limiting  particle 
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streamlines  and  condensed  phase  stratification.  It  is  interesting  to 
speculate  that  the  boundary  layer  in  the  throat  and  exit  cone  sections  is 
devoid  of  oxide  particles.  In  the  special  case  when  burning  metal  parti¬ 
cles  are  subjected  to  centrifuging,  the  throat  and  exit  cone  wall  flow  may 
be  abnormally  rich  in  oxidizing  gas  species. 

The  slotted  grains  are  unique  in  that  the  slot  exhaust  must  flow  radially 
while  the  core  flow  is  primarily  axially  directed.  This  results,  first, 
in  a  partial  flow  stagnation  along  the  grain  surface  opposite  the  slot. 
Circunferential  flow  will  develop  to  accommodate  the  stagnation  which  may 
extend  axially  to  the  nozzle  throat  in  some  cases.  The  abnormal  turbulence 
(eddys),  high  heat  transfer,  high  gas  shear  and  high  corrosion  cause  the 
groove  to  form  in  nozzle  opposite  the  grain  slot.  If  the  grain  port  diam¬ 
eter  is  large  relative  to  some  measure  of  the  radial  slot  jet  flow  strength, 
jet  viscous  dissipation  effects  may  be  significant.  Otherwise,  dissipation 
effects  will  only  be  important  in  reducing  the  local  turbulence  along  the 
stagnation  11  3  with  increasing  distance  from  the  source  of  the  disturbance. 
Presumably,  oxide  impingement  will  be  higher  along  the  stagnation  line 
opposite  the  grain  slot.  Unless  retarded  by  turbulence,  higher  deposition 
rates  would  eventually  protect  the  nozzle  from  the  groove  forming  mechanisms. 

There  is  also  a  major  axial  component  of  the  flow  within  the  grain  slot, 
especially  near  the  grain  outer  diameter.  Thus,  the  slot  flow  stagnates 
where  it  is  turned  by  the  aft  closure  insulator.  This  led  td  the  formation 
of  a  deep  groove  where  the  insulator  was  exposed  (no  cab-o-sil/grain  bond 
in  the  iiot  area).  The  resulting  flov;  along  the  aft  closure  will  then 
have  a  greater  radial  velocity  component  than  in  other  sections  of  the 
motor.  This  radial  jet  stagnated  along  the  outside  of  the  submerged  nose 
cap  sections  of  the  development  nozzles  (T-51  through  T-54).  This  cutting 
torch  action  slotted  the  nose  cap  rather  dramatically.  This  will  force 
some  of  the  exhaust  to  flow  circumferentially  away  from  the  nose  cap 
stagnation  line.  There  will  also  be  free  shear  layers  developed  along  the 
boundaries  between  the  radial  slot  jet  and  -jxial  core  flows.  These  shear 
layers  are  highly  turbulent  and  can  cause  extensive  erosion  where  they 
reach  the  wall.  This  apparently  caused  the  "saddles"  observed  in  the  nose 
caps  of  the  development  nozzles.  A  similar  interaction  between  the  nozzle 
inlet  flow  and  the  flow  through  the  nose  cap  slot  was  evidently  a  primary 
cause  of  the  grooving  of  the  T-51  and  T-53  nozzles.  Either  of  two  mecha¬ 
nisms  could  have  been  the  primary  causal  factor  in  forming  the  nozzle 
grooves  in  line  with  the  Type  II  and  III  grain  slots.  Those  would  be  the 
free  shear  layer  turbulence  or  the  burning  particle  centrifuging  effect. 

The  slotted  grain  flow-field  effects  are  discussed  in  greater  detail  in 
Section  2.4  of  References  3  and  4.  The  extension  of  the  single  slot 
results  to  the  cases  of  two  and  tiiree  axial  slots  is  also  discussed  in 
Reference  3.  Basically,  the  interpretations  of  the  grain  slot  flow  effects 
can  be  extended  to  grains  witli  star  cores  and  forward  slots.  Ultimately, 
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the  designer  should  recognize  that  extreme  stagnation,  recirculation  and 
free  shear  layer  effects  will  lead  to  local  breakdown  of  any  material  in 
common  use.  The  best  rule  would  be  to  eliminate  the  severe  interaction 
rather  than  to  predict  or  measure  its  extent.  It  should  be  obvious  that 
high,  nonuniform  erosion  of  insulation  and  nozzle  materials  will  ultimately 
penalize  the  system  in  terms  of  weight  and  performance. 

g.  (C)  Nozzle  Throat  Heat  Transfer 

Conduction  computer  analyses  were  performed  to  determine  the  oxide  deposit 
insulation  effect  and  gas  side  heat  transfer  coefficients  for  most  of  the 
nozzles  tested.  The  technique  employed  and  the  results  are  described  and 
discussed  in  Section  2.5  of  References  2,  3,  and  4.  Since  the  wall  deposit 
thickness  history  could  only  be  determined  at  the  nozzle  throat,  attention 
was  primarily  devoted  to  the  throat  washers  of  the  pyrolytic  graphite  heat 
sinks.  Efforts  to  evaluate  the  heat  transfer  to  the  tungsten  nozzle  in¬ 
serts  were  more  complex  and  less  successful.  The  analysis  was  not  carried 
out  for  some  nozzles  due  to  the  lack  of  suitable  temperature  data. 

Basically,  a  measurement  of  the  total  heat  transferred  to  the  wall  at  a 
given  axial  station  was  obtained  by  measuring  the  short  time  equilibration 
temperature.  That  is,  the  temperature  gradients  become  nearly  zero  shortly 
after  burnout.  Thus,  the  wall  thermocouple  Indicated  the  average  washer 
temperature  in  about  60  seconds  after  burnout.  The  total  heat  of  the 
washers  was  corrected  (by  about  2  percent)  to  account  for  the  nozzle  insu¬ 
lation  pyrolysis  during  the  first  minute  after  burnout.  A  trial  and  error 
procedure  was  then  used  to  find  the  heat  transfer  coefficient  which  pro¬ 
duced  the  measured  total  heat  of  the  washer.  The  heat  transfer  coefficient 
was  assumed  to  depend  on  pressure  to  the  eight-tenths  power.  The  measured 
chamber  pressure  and  throat  deposit  histories  were  used  directly  but  no 
attempt  was  made  to  account  for  the  nearly  insignificant  throat  corrosion. 
The  final  pressure  dependent  heat  transfer  coefficient  necessarily  averages 
out  all  surface  temperature,  surface  roughness,  combustion  and  flow  field 
transients.  Circumferential  variations  are  also  averaged  when  they  occur. 
The  circumferential  variation  in  heat  transfer  can  only  be  seen  by  com¬ 
paring  the  several  temperatures  measured  for  a  single  washer.  Such  effects 
appeared  to  be  significant  only  on  the  slotted  grain  tests. 

The  data  obtained  are  included  in  Appendix  VIII.  The  figures  show  the 
nozzle  throat  temperature  history  and,  in  most  cases,  the  oxide  deposit 
surface  temperature  history.  The  reasonableness  of  the  results  can  be 
checked  in  two  ways.  First,  the  measured  backwall  temperature  history 
can  be  compared  with  the  calculated  value.  Differences  are  associated 
primarily  with  poor  definition  of  Che  oxide  thermal  properties,  errors  in 
the  deposition  (or  pressure)  history  and  averaging  effects.  In  the  major¬ 
ity  of  cases,  Che  agreement  is  excellent.  A  second  check  may  be  made  by 
noting  the  relationships  of  the  calculated  throat  or  deposit  surface 
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temperature  and  the  oxide  melting  point.  Thus,  the  throat  deposit  thick¬ 
ness  should  level  off  or  begin  to  decrease  when  the  deposit  surface  melts. 
Then,  the  deposit  should  disappear  when  *'he  throat  surface  temperature 
reaches  the  oxide  melting  point.  Again,  agreement  is  exhibited  by  most  of 
the  results.  Heat  transfer  coefficients  are  indicated  in  each  temperature 
history  plot.  The  stagnation  reference  temperature  used  was  the  ideal, 
equilibrium  value  at  the  nominal  throat  pressure.  This  value  is  slightly 
less  than  the  ideal  chamber  temperature  and  is  not  the  turbulent  boundary 
layer  recovery  temperature.  Actually,  there  is  an  inconsistency,  amount¬ 
ing  to  ±5  percent,  due  to  variation  of  the  average  motor  pressure  by 
±200  psi  from  the  nominal.  This  is  due  only  to  the  variation  in  the  free 
stream  stagnation  reference  temperature  dependence  on  pressure  which  was 
ignored . 

Within  the  accuracy  of  the  analyses  and  data  employed,  a  low  heat  transfer 
coefficient  indicates  that  poor  metal  combustion  has  occurred.  Actually,  the 
stagnation  reference  temperature  is  low,  not  the  heat  transfer  coefficient. 
The  apparent  reduction  in  the  coefficient  depends  on  the  difference  in  the 
values  of  the  stagnation  and  gas  side  surface  temperatures.  Note  that  the 
gas  side  surface  temperatures  have  average  values  near  or  above  the  oxide 
melting  point.  For  low  temperature  beryllium  propellants,  a  relatively 
small  degree  of  incomplete  metal  combustion  can  therefore  cause  a  major 
reduction  in  the  apparent  heat  transfer  coefficient. 

All  of  the  heat  transfer  coefficients  were  corrected  lo  the  nominal  chamber 
pressure  (800  psia).  This  was  done  to  facilitate  comparison  of  the  results. 
The  coefficients  were  also  divided  by  the  average  boundary  layer  specific 
heat  (equilibrium)  evaluated  at  the  average  gas  side  surface  temperature. 

This  tends  to  eliminate  some  of  the  surface  temperature  dependence  of  the 
convective  coefficient.  As  shown  in  Table  V  of  Reference  4,  rte  improved 
closed  form  convestion  theory  indicates  that  the  value  of  (h/Cp)gQQ  should 
be  very  close  to  0.0090  lbm/in.2  sec  for  all  seven  of  the  program  propel¬ 
lents  (see  Appendix  VIII).  This  value  should  be  compared  with  the  experi¬ 
mental  results  which  are  tabulated  in  Appendix  VIII  in  accordance  with  the 
major  motor  design  variables.  The  experimental  results  are  discussed  in 
Reference  4,  Pages  71  to  79. 

Considering  the  known  problems  with  the  thermal  instrumentation,  hang 
fires,  nozzle  failures  and  the  uncertainties  in  the  deposit  insulation 
effect,  there  is  remarkably  good  agreement  between  the  theory  and  the  test 
results.  It  should  also  be  recalled  that  the  improved  closed  form  theory 
does  not  account  for  pyrolysis  gas  mass  injection,  corrosion,  poor  com¬ 
bustion,  boundary  layer  development  length,  nonunifomi  flow  or  surface 
roughness  effects.  Thus,  the  end  burning  grains,  due  to  the  exposure  of 
the  entire  aft  closure  surface  to  the  flow,  are  likely  to  promote  slightly 
low  throat  heac  transfer  compared  to  the  internal  burning  grains.  If  poor 
metal  combustion  occurs,  it  would  primarily  affect  the  core  flow  (near  the 
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motor  axis).  There  may  also  be  significant  stratification  of  condensed 
phases  in  the  core  flow.  In  contrast,  the  internal  burning  grains  will 
achieve  the  highest  degree  of  metal  combustion  near  the  motur  axis.  Simi¬ 
larly,  the  slotted  grains  and  submerged  nozzles  are  likely  to  produce 
higher  than  theoretical  heat  transfer. 

There  are  only  two  outstanding  deviations  between  theory  and  experiment. 
Thus,  the  tungsten  insert  nozzles,  T-16  through  T-18,  have  uniformly  low 
measured  throat  heat  transfer  coefficients.  This  is  attributed  to  the 
inability  of  the  post -test  analysis  procedure  to  handle  the  axial  conduc¬ 
tion  effects  (due  to  lack  of  deposit  thickness  data).  The  close  end  burner 
tests,  T-21  through  T-24,  also  have  uniformly  low  measured  coefficients. 

This  is  at  least  partially  attributed  to  poor  metal  combustion.  It  should 
also  be  noted  that  the  deposit  histories  used  in  the  analysis  may  have  been 
somewhat  in  error  (see  Section  5.2  of  Reference  4).  In  fact,  the. use  of 
the  revised  F/P  method  for  determining  throat  deposit  histories  (in  lieu 
of  the  older  Cp  and  methods)  would  improve  '.he  agreement  between  the 
backwall  temperatures  and  alter  the  heat  transfer  coefficient  on  a  number 
of  other  tests  as  well. 

The  theoretical  heat  transfer  coefficient  for  the  development  nozzles 
(at  800  psia)  would  be  0.0080  Ibm/in^  sec.  The  results  for  T-51  and  T-52 
were  significantly  higher  chan  this  value.  This  is  attributed  to  the 
unusual  slot  flow,  corrosion  heat  absorption  (T-51)  and  nonuniform  deposi¬ 
tion.  The  measured  value  for  T-53  was  quite  low.  The  post-test  analysis 
did  not  include  any  deposit  at  the  throat.  The  throat  erosion  history 
is  not  compatible  with  this  assumption.  The  measured  result  would  be 
significantly  higher  if  a  deposi:  were  included  (a  reasonable  value  could 
not  be  determined  from  the  throat  radius  history). 

The  measured  throat  heat  transfer  coefficients  for  both  beryllium  and 
aluminum  propellants  are  basically  in  good  agreement  with  the  improved 
theory.  This  theory  predicts  results  which  are  significantly  higher  than 
commonly  reported  nozzle  design  values.  Such  design  data  does  not  account 
for  deposition  or  corrosion  effects  and  would,  therefore,  prove  to  be 
reasonably  accurate  in  many  cases.  However,  they  would  be  far  from  adequate 
for  long  motor  firing  and  for  propellants  whose  flame  temperatures  are 
well  above  the  oxide  melting  points.  It  is  reasonable  to  assume,  then, 
that  poor  nozzle  performance  can  often  be  attributed  to  poor  design.  The 
high  temperature  double  base  propellants  would  be  particularly  susceptible. 
On  the  other  hand,  minor  metal  combustion  inefficiency  (leading  to  increased 
deposition)  would  render  the  low  temperature  composite  propellants  nearly 
harmless.  Evidently,  tungsten  nozzles  would  give  particularly  good  per¬ 
formance  in  the  low  temperature  composite  systems.  Clearly,  final  con¬ 
clusions  cannot  be  drawn  solely  from  the  results  of  this  program.  More 
data  are  required  to  characterize  the  dependence  of  the  convective  heat 
transfer  on  motor  design,  propellant,  nozzle  material,  corrosion  and 
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surface  roughness  effects.  It  is  believed  that  such  efforts  would  lead 
to  vastly  improved  understanding  of  the  causes  of  poor  nozzle  performance. 
Such  understanding  would  lead  to  Improved  designs  and  performance.  However, 
it  will  become  increasingly  evident  that  there  are  definite  limits  to  the 
capabilities  of  the  commonly  used  nozzle  materials.  Further  improvement 
in  nozzle  performance  will  then  require  thermal  and/or  corrosion  protection 
for  both  beryllium  and  aluminum  propellants. 

h.  (C)  Nozzle  Throat  Corrosion 

The  interference  of  wall  deposits  with  the  corrosion  of  the  nozzle  throats 
by  the  exhaust  gases  severely  limited  the  amount  of  data  produced.  This 
had  the  positive  result  of  confirming  the  effective  inertness  of  the  metal 
oxides  and  permitted  extensive  clarification  of  the  convective  heat  trans¬ 
fer  question.  The  corrosion  studies  were  further  frustrated  by  the  nearly 
insignificant  total  corrosion,  of  the  order  of  the  expected  thermal  defor¬ 
mation  of  the  throat,  on  several  tests.  Nonuniform  corrosion  and  surface 
spallation  also  complicated  the  situation.  However,  the  results  were 
actually  adequate  to  clarify  the  nature  of  the  corrosion  process  and  to 
establish  the  direction  of  future  efforts. 

Theoretically,  the  combustion  products  of  the  propellants  studied  are 
saturated  with  carbon  (CO/CO2  balance)  up  to  a  particular  temperature 
threshold.  The  threshold  temperature  ranges  from  about  1000  to  1900°F 
for  no  metal  combustion  and  ideal  combustion,  respectively.  Calculated 
surface  temperatures,  at  the  time  when  corrosion  started  or  when  deposits 
arrived  at  the  nozzle  throat,  were  compared  with  the  theoretical  threshold 
values.  Although  there  were  only  four  tests  in  which  corrosion  preceded 
deposition,  graphite  corrosion  started  above  2000'’F.  On  14  tests,  deposits 
arrived  when  surface  temperatures  ranged  from  1700  to  5000°F.  It  was 
noted  that  the  highest  deposit  arrival  temperatures  corresponded  to  the 
highest  initial  surface  temperature  rise  rates.  It  is  clear  that  these 
results  are  subject  to  major  errors.  However,  a  corrosion  threshold 
evidently  does  exist  and  probably  lies  in  the  2000  to  3000°F  temperature 
range.  The  threshold  data  are  tabulated  in  Appendix  IX.  The  tungsten 
insert  tests  are  omitted  since  no  corrosion  was  measured  and  the  temperature 
threshold  for  observable  corrosion  is  very  high. 

The  measured  corrosion  data  are  presented  in  Appendix  IX,  It  is  important 
to  note  that  the  surface  temperature  during  the  actual  period  of  corrosion 
is  given.  Maximum,  minimum  and  average  radial  regression  are  given.  The 
most  representative  regression  values  were  selected  and  corrected  to 
account  for  thermally  induced  throat  contraction  (about  2  mils  at  5000°F). 
The  corrected  corrosion  rate  was  then  obtained  by  dividing  the  throat 
regression  by  the  time  period  over  which  the  corrosion  actually  occurred. 
Although  an  attempt  was  made  to  eliminate  the  influence  of  the  grooves 
formed  in  the  slotted  grain  tests,  the  problem  of  nonuniform  corrosion 
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could  not  be  resolved.  That  is,  the  corrosion  rates  may  actually  range 
to  a  maximum  of  twice  the  indicated  values.  This  is  entirely  due  to 
corrosion  occurring  at  the  top  of  the  nozzle  while  the  bottom  remained 
coated  with  oxide  deposits.  In  many  cases  the  throats  were  measurably 
elliptical  and  attack  of  the  top  surface  of  the  throat  was  obvious  from 
its  appearance.  This  effect  would  be  roost  pronounced  for  the  shortest 
corrosion  times  (or  lowest  rates)  and  for  the  slotted  grains. 

Predicted  and  measured  corrosion  rates  are  also  compared  in  Appendix  IX. 

The  predictions  were  obtained  by  means  of  extremely  simple  hand  calculation 
techniques  (see  Pages  15  to  20  of  Reference  3).  They  do  not  include  blow¬ 
ing,  combustion  efficiency,  surface  roughness  or  pyrolysis  gas  injection 
effects.  Direct  use  of  the  B  value  (exhaust  corrosivity  parameter)  and  the 
heat  and  mass  transfer  similarity  assumption  overpredicts  the  corrosion  by 
as  much  as  an  order  of  magnitude  or  more  at  high  surface  temperatures.  The 
second  technique  independently  calculates  the  corrosion  by  water  vapor  and 
hydrogen.  These  are  theoretically  the  most  important  reactions  for  the 
program  propellants.  The  comparison  of  these  results  with  the  measure¬ 
ments  is  not  entirely  conclusive.  The  water  reaction  alone  provides 
reasonable  agreement  with  the  measurements  up  to  graphite  temperatures  of 
about  4500°F.  Then,  at  temperatures  up  to  5500“F,  some  or  all  of  the 
hydrogen  contribution  is  also  required.  Unfortunately,  the  quality  of 
the  measured  corrosion  rates  is  not  adequate  to  identify  a  specific  trend 
or  transition.  At  temperatures  above  about  4700“F,  it  is  relatively  cer¬ 
tain  that  liquid  deposits  (bead  and  stream  flow)  are  influencing  the 
results.  This  can  best  be  seen  by  examining  the  throat  deposition/erosion 
curves  (particularly  for  T-1,  T-7,  T-51  and  T-33). 

The  pyrolytic  graphite  corrosion  data  suggests  several  important  things. 
These  are  listed  below. 

(1)  The  major  effect  of  deposition  protection  of  the 
throat  surface  can  be  eliminated  from  the  corro¬ 
sion  data.  Secondary  effects,  involving  unsym- 
metrical  deposition,  continue  to  influence  the 
quality  of  the  corrosion  rate  data.  As  a  result, 
the  uncertainty  in  the  average  throat  corrosion 
rate  may  be  above  100  percent. 

(2)  Appropriate  closed  form  equations  can  be  developed 
to  approximately  predict  throat  corrosion  in  the 
absence  of  physical  erosion.  Specific  corre¬ 
lation  equations  could  be  developed  for  a  partic¬ 
ular  propellant  and  nozzle  design. 

(3)  There  is  no  indication  from  the  data  that 
beryllium  and  aluminum  corrosion  mechanics 
are  different. 
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(4)  The  corrosion  data  neitner  supports  nor  contra¬ 
dicts  the  thesis  that  hydrogen  attack  of  pyro¬ 
lytic  graphite  is  kinetically  restricted.  More 
advanced  theoretical,  predictions  and  more 
specialized  solid  motor  testing  would  be  re¬ 
quired  to  resolve  this  issue. 

(5)  The  apparent  lack  of  hydrogen  reaction  kinetics 
in  a  few  of  the  tests  suggests  that  the  poly¬ 
crystalline  graphite  reaction  rates  would  be 
slightly  higher  than  for  the  pyrolytic  graphite. 
This  would  be  due  to  differences  in  surface 
activity,  roughness  and  porosity.  Even  if 
kinetics  do  apply  to  the  pyrolytic,  graphite, 
they  could  be  less  effective  or  absent  for  the 
polycrystalline  graphites. 

(6)  In  the  potentially  rare  cases  when  corrosion 
occurs  primarily  below  4500'’F,  only  the 
oxidation  of  graphite  need  be  considered. 

At  higher  temperatures,  hydrogen  attack  and 
the  interference  between  the  acetylene 
product  and  the  oxidizing  gases  should  be 
considered.  (Nitrogen-carbon  reactions 
should  also  be  considered  in  appropriate 
cases. ) 

(7)  The  most  useful  data  from  other  programs  will 
be  those  obtained  with  the  corresponding 
deposition  and  heat  transfer  (surface  temper¬ 
ature).  End  burning  and  simple,  circularly 
ported  grain  test  data  will  be  the  most 
accurate.  Seme  submerged  nozzle  data  will 
not  involve  deposition  effects  and  could  be 
the  best  of  all  data. 

(8)  Nozzle  corrosion  prediction  should  be  treated 
as  a  boundary  layer  transport  problem  and 
should  be  coupled  with  the  convective  heat 
transfer  analysis.  Mechanical  breakdown  of 
the  nozzle  surface  (erosion)  should  be  treated 
as  a  separate  issue  and  should  be  avoided 
rather  than  analyzed. 
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(9)  There  is  no  positive  indication  in  the  corrosion 
results  to  indicate  that  incomplete  propellant 
combustion  occurred.  This  is  a  direct  conse¬ 
quence  of  the  occurrence  of  extensive  deposition 
on  those  tests  designed  to  accentuate  the  com¬ 
bustion  efficiency  effect. 

Unifcrm  corrosion  of  tungsten  by  the  exhaust  gases  was  not  observed.  For¬ 
mation  of  the  low  melting  tungsten  carbides  did  occur.  The  mechanics  and 
rate  of  this  reaction  cannot  be  propei ly  treated  until  the  carbon  source 
has  been  more  clearly  identified  (see  also  Section  3.2). 

3.6  (C)  DISCUSSION  OF  MOTOR  TEST  RESULTS 

The  program  motor  tests  were  designed  and  conducted  with  two  overall  objec- 
ti/es.  These  were  to  examine  the  mechanics  of  corrosion  and  erosion  of 
nozzle  materials  exposed  to  beryllium  exhausts  and  to  determine  which 
nozzle  materials  can  be  successfully  used  with  beryllium  propellants.  The 
basic  approach  called  for  the  variation  in  the  major  motor  design  param¬ 
eters  and  the  maximum  production  of  detailed  performance  data  for  each 
test.  Finally,  the  test  results  were  to  be  interpreted  to  determine  the 
degree  to  which  the  individual  test  and  overall  program  objectives  have 
been  met.  Such  matters  are  discussed  briefly  in  this  section.  Similar 
discussions  may  also  be  founc  .  Sections  7.1  of  References  1  through  4. 

This  program  was  originated  because  beryllium  motor  test-  often  resulted 
in  dramatic  failure  or  high  nozzle  erosion.  In  some  instances,  nozzle 
erosion  did  not  occur  at  all  or  was  less  severe  than  for  comparable  aluminum 
propellant  tests.  The  test  results  clearly  indicate  that  unusually  good 
nozzle  performance  is  a  direct  result  of  oxide  deposit  protection  of  the 
contour  materials.  This  applies  to  graphite,  tungsten,  carbon  cloth  and 
asbestos  phenolic  materials.  The  demonstrated  inertness  of  the  oxide 
deposits  in  the  solid  motor  firings  was  in  complete  agreement  with  pre¬ 
dictions  based  on  thermocheraical  analyses  and  extrapolation  of  laboratory 
experimental  studies.  The  potential  exception  to  the  predicted  inertness 
would  be  the  attacl;  of  tungsten  by  aluminum  or  beryllium  metal,  forming 
very  low  melting  alloys.  This  action  was  not  observed  in  this  program 
but  should  not  be  ruled  out.  The  source  of  metal  for  alloying  could  be 
either  unburned  metal  mixed  with  the  o.xide  deposits  or  the  product  of 
aluminum  or  beryllium  carbide  (formed  at  the  interface  between  graphite 
contour  and  oxide  deposits  upstream)  decomposition  at  high  temperatures. 

The  formation  of  low  melting  tungsten  carbide's  in  this  program  (beryllium 
propellants  onlv)  and  in  other  programs  (both  aluminum  and  beryllium 
propellants)  is  not  obviously  related  to  oxide  deposits. 
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Of  Che  25  small  motor  tests  conducted,  physical  failures  occurred  on  only 
three.  Inadequate  sealing  at  the  base  of  the  end  burning  grains  on  the 
first  tv.’'>  tests  (T-1  and  T-2)  caused  partial  burnChrough  of  the  steel  case, 
A  poor  seal  permitted  leakage  through  thi.  nozzle  to  ambient  on  Test  T-13, 
The  damage  was  quite  extensive  to  the  metal  and  insulation  components; 
the  nozzle  contour  forming  materials  were  -elatively  unaffected.  The 
extent  of  the  damtige  on  these  three  tests  coult.  have  been  related  to  the 
degree  of  metal  combustion.  Thus,  slow  combustion  of  beryllium  metal  could 
have  increased  the  gas  phase  oxygen  content  of  the  leaking  gases. 

The  nozzle  performance  on  the  four  development  motor  tests  was  consiuerably 
more  dramatic.  The  grooving  of  the  aft  closure  insulator  and  slotting  of 
the  nose  cap  are  believed  to  have  been  primarily  a  consequence  of  the 
stagnation  flow  and  free  shear  layer  turbulence  associated  with  Che  ch.,  loer 
flow  field.  Again,  the  extent  of  tl.e  damage  could  in  part  be  due  to  poor 
metal  combustion.  Less  damage  occurred  on  T-52  than  on  T-51,  T-53  and 
T-54.  The  Arcocel  319BRF  propellant,  which  is  known  tr  have  excellent 
metal  combustion  characteristics,  was  used  on  T-52.  L'nfortunatel  •,  that 
test  was  also  a  hangfire  (poor  ign  ter  placement)  so  less  efficie  t  com¬ 
bustion  of  the  /rcocel  191F  propellant  used  on  the  ocher  tests  is  not 
confirmed.  The  da..iage  to  the  nozzle  throat  section  on  these  tests  is 
obviously  related  to  the  nose  cap  and/or  grain  slot.  'imilar  behavi  r 
would  be  expected  with  aluminum  propellants  since  surfi  .e  spallation  of 
the  pyrolvtic  graphite  and  carburization  of  the  tungsten  appear  to  have 
been  the  primary  causal  factors.  Based  on  the  results  of  the  pyrolytic 
graphite  nozzle  performance  (T-51  and  T-53) ,  the  failure  of  the  Chin 
tungsten  insert  on  Test  T-54  might  have  been  predicted. 

There  is  ample  evidence  that  the  nozzle  materials  employed  in  this  program 
can  be  successfully  used  with  beryllium  propellants.  TLi.re  is  no  partic¬ 
ular  indicatior.  that  other  materials  used  in  aluminum  s>ste'  could  not 
be  used  with  equal  success  with  beryllium  propellants.  The  few  aluminum 
analog  propellant  tests  conducteo.  in  this  program  generf  ly  re-enforce  the 
original  program  hypothesis  thrd  me  behuvior  of  the  tw-^  propellent  typer 
was  a  matter  of  differences  in  degree  rather  than  kind.  That  is,  no  unique 
characteris  ics  hai  been  discovered  in  this  program  which  can  be  attribu¬ 
ted  only  to  berv Ilium  propellants.  This  in  no  wa  appears  to  be  a  result 
of  an  unfoitunate  selection  of  propellants  in  th.is  program.  Motor  test 
results  and/or  h.ardwar  from  bervllium  programs  conducted  by  Atlantic 
Researc.;,  Aeiajet,  Hercules  and  Thiokol  have  also  been  examined  and  no 
contradictious  have  beer,  found. 

Ultimately,  Che  perforn-.ance  of  nozs'e  and  nK'tor  insulation  materials  in 
beryllium  exhausts  r., jst  be  comparet'  with,  their  performance  in  aluminum 
systems.  In  t.is  program  comparable  propellants  were  judged  to  be  those 
with  flj  identical  flame  temperatures ,  (1  eq.aivalent  ideal  exhaust  corro¬ 
sivity  or  excess  oxygen  coi.Lcnt  ,  ,  3)  idern'icai  propellant  ingredients, 
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excepting  the  metal  addiL!’'e,  and  (4)  identical  grain,  motor  and  nozzle 
designs.  These  criteria  establish  a  reasonable  basis  for  comparison  of 
ideal  and  delivered  ballistic  performance  as  well  as  nozzle  materials 
performance ,  The  beryllium  propellant  will  necessarily  have  the  higher 
ideal  ba^istic  performance.  Basically,  the  delivered  nozzle  materials 
performance  and  ballistic  performance  efficiency  will  only  be  different 
if  the  combustion  efficiency  and/or  condensed  phase  deposition  and  lag 
losses  are  different.  Several  of  the  possible  combinations  of  these  fac¬ 
tors  were  demonstrated  in  this  progra..i.  The  thermal  insulation  and  corro¬ 
sion  protection  afforded  by  alumina  and  beryllia  deposits  were  demonstrated 
under  complete  or  comparable  combustion  conditions  (Tests  T-1  through  T-7). 
The  measured  performance  (heat  transfer,  deposition,  corrosion  and  ballis¬ 
tics)  were  obviously  similar  for  analog  pairs  of  propellants.  Later,  in 
Tests  T-21  through  T-24,  it  was  shown  that  reduced  combustion  efficiencies 
led  to  higher  deposition  with  lower  heat  transfer  and  no  corrosion.  There 
is  no  reason  to  doubt  that  aluminum  analogs  would  behave  in  the  same  manner. 
The  remaining  possibility  is  that  there  may  be  no  deposition  protection 
when  the  combustion  efficiencies  of  analogs  pairs  are  different.  Deposi¬ 
tion  protection  was  nearly  eliminated  on  Test  T-53  but  the  combustion 
efficiency  was  apparently  high  and  the  corrosion  was  normal. 

The  consequences  of  poor  propellant  combustion  during  periods  when  the 
wall  materials  are  not  protected  by  oxide  deposits  can  be  predicted  with 
high  confidence.  Thus,  slow  or  incomplete  combustion  of  the  metal  additive 
will  greatly  increase  the  relative  availability  of  gaseous  oxydizing  species 
in  the  exhaust.  Corrosion  rates  may  be  increased  by  an  order  of  magnitud: 
or  more,  at  exposed  materials  temperatures  above  about  1500°F.  Such  a 
corrosion  rate  ’ncrease  would  be  vc-ry  dramatic  for  plastic  insulation  and 
graphite  materials  but  would  be  only  marginally  serious  for  tungsten. 

Gaseous  beryllia,  beryllium  hydroxides  and  beryllium  vapor  could  vigorously 
attack  tungsten  (if  they  actually  exist  or  can  diffuse  'o  the  tungsten) 
bv  forming  low  melting  metal  alloys.  Anal''gous  alaminam  species  would 
have  the  same  effect.  The  program  motor  tests  showed  that  tb.roat  corrosion 
can  occur  before  the  arrival  of  protective  deposits.  The  higher  melting 
point  of  the  beryllia  would  be  disadvantageous  in  this  special  case, 
especially  with  low  flame  tei.iperature  propellants. 

Laboratory  studies  of  metal  pa.'ticle  combustion,  conducted  by  Hercules, 

NOTS ,  Atlantic  Research  ana  otb.ers,  indicate  that  beryllium  is  normally 
the  more  difficult  metal  to  burn.  Apparently,  excessiceU  slow  combustion 
of  e’iti'.er  metal  can  occur  and  will  depend  on  (at  least)  grain  surface 
ac glomorat icn  and  tb.e  f  cm-  tei^perature  of  th.e  nonmetallic  propellant 
ingredients.  .At  the  present  time  it  should  not  be  difficvilt  to  determine 
vt'.ich  propellants  will  be  slow  to  achieve  complete  eomoustion  using  a 
combinat  ion  of  laboratory  and  analytical  tochniqu--s.  T'ne  present  i.atk  of 
sufficiently  detailed  knowledge  concert. Ing  the  metal  combustion  mechanics 
prevcitts  extensive  gencrallcatlon. 
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Abnormally  high  deposition  or  nozzle  corrosion  should  be  anticipated  when 
(1)  propellant  flame  temperatures  are  low,  (2)  metal  agglomeration  at  the 
grain  surface  is  known  to  occur,  (3)  particle  residence  times  are  short 
along  streamlines  which  pass  near  the  wall  contour,  (4)  the  oxidation 
ratio  is  low,  '5)  metal  loading  is  high,  (6)  motor  pressures  are  low,  and 
(7)  origional  metal  particle  sizes  are  high.  Basically,  the  size  of  the 
particles  which  must  burn,  the  availability  of  oxygen  to  sustain  combus¬ 
tion  and  the  flame  temperature  along  the  particle  streamlines  must  be 
adequate  to  promote  rapid  vapor  phase  combustion  within  the  available  time. 
Ideally,  the  minimum  propellant  flame  temperature  (without  metal  combus¬ 
tion)  should  be  close  to  or  above  the  oxide  melting  point.  The  beryllium 
and  one  of  the  aluminum  propellants  tested  in  this  program  do  not  meet 
this  ideal  requirement.  Fortunately,  beryllium  particles  are  known  to 
ignite  in  water  vapor  at  temperatures  well  below  the  beryllia  melting 
point.  However,  thi"  will  only  make  it  feasible  to  achieve  complete  com¬ 
bustion  within  finite  (as  opposed  to  very  short)  times. 

It  is  reasonably  clear  that  the  majority  of  the  beryllium  propellants  in 
the  impulse  range  being  studied,  will  exhibit  individual,  rather  than 
general,  characteristics  to  the  extent  that  their  metal  combustion  charac¬ 
teristics  differ.  That  is,  much  longer  combustion  times  will  be  required 
relative  to  typical  aluminum  analogs  or  advanced  beryllium  propellants. 

This  will  be  reflected  in  the  deposition,  corrosion  and  heat  transfer  due 
to  their  direct  dependence  on  the  degree  of  metal  combustion.  In  the 
final  analysis,  the  low  impulse  beryllium  propellants  just  cannot  be  com¬ 
pared  with  their  aluminum  counterparts  unless  equivalent  metal  combustion 
efficiencies  are  coincidentially  achieved. 

Much  of  the  confusion  regarding  the  performance  of  beryllium  relative  to 
aluminum  propellants  is  undoubtedly  due  to  the  detailed  lack  of  similarity 
of  the  combustion  and  deposition  processes.  In  addition,  the  studies  of 
heat  transfer  and  corrosion  conducted  in  this  program  indicate  that  nozzle 
failures  in  either  propellant  system  may  be  traced  to  poor  design.  The 
motor  test  results  support  the  contention  that  the  convective  heat  transfer 
is  higher  than  commonly  claimed.  Test  results  and  analyses  show  that  sur¬ 
face  roughness  and  nonuniform  flow  field  effects  can  force  the  convective 
heating  rates  still  higher.  These  increases  are  normally  resisted  by 
oxide  deposit  protection,  corrosion  reaction  heat  absorption,  surface  blow¬ 
ing  and  poor  combustion.  If  the  latter  effects  should  dominate,  the  heat 
transfer  may  be  well  below  conventional  predictions.  In  either  case,  there 
may  be  considerable  variation  in  the  heat  transfer,  in  both  time  and  space, 
which  would  not  be  predicted  by  conventional  analyses.  Probably  the 
greatest  danger  in  over  or  underestimating  the  heat  transfer  will  be  that 
the  capacity  and  failure  mechanisms  of  rozzle  materials  can  be  misjudged. 
One  result  appears  to  have  been  that  design  technology  which  has  proven 
successful  in  one  propellant  system  is  only  marginally  effective  in  new 
systems . 
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Grain  design  and  motor/nozzle  contour  effects  on  nozzle  performance  have 
been  clearly  illustrated  in  this  program.  This  emphasizes  the  need  to 
account  for  the  detailed  interaction  of  the  exhaust  flow  field  with  the 
motor  contour  in  the  design  process.  It  is  also  apparent  that  the  degra¬ 
dation  of  upstream  materials  can  have  a  pronounced  effect  on  nozzle  throa*' 
performance  by  distorting  the  exhaust  chemistry  or  flow  structure  near  the 
contour.  When  these  effects  are  coupled  with  the  propellant  combustion 
and  deposition  effects,  each  motor  test  becomes  more  individualistic  in 
terms  of  nozzle  performance. 

Ultimately,  materials  degradation  occurs  by  chemical  and/or  thermo-mechanical 
routes.  Tungsten  insert  failures  involve  excessive  plastic  deformation. 
Premature  failure  may  be  precipitated  by  carburization,  beryllium  or 
aluminum  alloy  formation,  and  selective  grain  boundary  attack.  Tungsten 
performance  should  be  best  with  low  flame  temperature  propellants.  High 
pyrolysis  and  graphite  corrosion  rates  of  upstream  materials  are  not 
desirable  with  tungsten  throats.  Unusually  good  performance  of  tungsten 
will  result  when  deposition  protection  and/or  poor  propellant  combustion 
occur. 

Ordinary  corrosion  and  thermostructural  breakdown  of  the  surface  of  graph¬ 
ite  materials  are  dominant  degradation  mechanisms.  The  attack  rates  by 
oxygen  and  hydrogen  bearing  gas  species  depend  on  the  local  exhaust  com¬ 
position  and  boundary  layer  diffusion.  Reaction  kinetics  and  endothermic 
reaction  effects  will  favorably  influence  the  rates.  A  well  developed, 
stable  boundary  layer  and  complete  combustion  of  the  propellant  are  essen¬ 
tial  to  achieving  low  attack  rates.  Oxide  deposition  protection  will  have 
an  overriding  influence  while  it  lasts.  Excessive  bulk  and  differential 
thermal  expansion  stresses  cause  surface  spallation.  The  scale  of  the 
surface  breakdown  appears  to  be  closely  related  to  the  nodule  or  grain 
size  and  the  radial  temperature  gradient.  A  well  developed,  stable  bound¬ 
ary  layer  (heat  transfer  rate)  and  adequate  thermal  expansion  allowances 
are  essential  to  good  graphite  performance.  Surface  spallation  is  often 
lumped  in  with  corrosion,  confusing  the  issue  considerably.  Surface  gas 
shear  induced  grain  erosion  and  selective  grain  boundary  attack  may  con¬ 
tribute  to  surface  regression.  Surface  roughness  asso-iated  with  spallation/ 
erosion  will  increase  the  local  heat  transfer  and  corrosion  rates. 

Failure  of  plastic  insulation  materials  probably  involves  simultaneous 
exposure  to  excessive  corrosion,  heat  transfer,  gas  shear  and  particle 
impingement.  The  most  dramatic  failures  will  be  associated  with  local 
exhaust  flow  stagnation,  turbulence  and/or  boundary  layer  reattachraent . 

A  well  developed,  stable  boundary  layer,  high  local  combustion  efficiency 
and  reasonable  exhaust  flow’  velocities  are  essential  to  good  performance. 
Pyrolysis  gas  injection  into  the  nozzle  .boundary  layer  may  precipitate 
tungsten  insert  carburization  but  will  probably  improve  graphite  perform¬ 
ance.  The  program  motor  test  and  analytical  study  results  strongly  indi¬ 
cate  the  need  for  an  improvement  in  the  approacli  to  motor  insulation  and 
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nozzle  design.  Greater  awareness  of  the  importance  of  propellant  combus- 
'.ion  and  dinosition  effects  are  essential.  Improved  techniques  for  charac¬ 
terizing  t; i  exhaust  flow  field  and  boundary  layer  processes  should  be 
applied.  Nozzle  heat  transfer  and  corrosion  theory  should  be  upgraded 
accordingly.  There  is  also  a  basic  requirement  for  improving  and  under¬ 
standing  of  the  chemical,  thermal  and  structural  capacities  of  nozzle 
materials.  Somewhat  more  fundamentally,  the  propellant  selection,  grain 
design  and  motor  configuration  criteria  should  be  reviewed.  Thus,  rapid 
combustion,  and  the  development  of  a  uniform  exhaust  flow  field  C‘  uld  be 
insured  at  the  outset  of  the  motor  design  process  and  would  minimize  the 
nozzle  design  problem,  A  definite  stand  should  also  be  taken  as  to  the 
desirability  of  nozzle  deposition  effects.  Note  that  delivered  ballistic 
performance  can  be  maximized  or  optimized  in  the  process.  If  a  propellant 
with  poor  combustion  characteristics  must  be  used,  it  will  be  necessary 
to  compromise  either  stage  volumn  or  mass  fraction  to  achieve  high  nozzle 
or  ballistic  performance. 

In  the  absence  of  combustion  efficiency,  deposition  and  exhaust  flow  field 
variances,  acceptable  nozzle  performance  can  be  achieved  with  the  conimonly 
recommended  materials  in  the  beryllium  and  aluminum  systems.  This  will 
hold  in  other  chemical  propulsion  systems  as  well.  The  beryllium  system 
apparently  has  some  unique  advantages  stemming  from  the  high  melting  points 
of  the  metal  and  oxide.  However,  rapid  metal  combustion  is  deterred  by 
the  high  metal  heat  capacity  and  high  oxide  melting  point.  There  is  some 
evidence  that  beryllium  can  be  best  utilized  in  propellants  which  do  not 
promote  grain  surface  agglomeration  and/or  have  high  flame  temperatures. 
Double  base  propellants  may  be  preferable  but  the  key  requirement  appears 
to  be  more  directly  related  to  the  oxidizer  particle  size  and/or  binder 
decomposition  kinetics.  However,  it  should  be  recognized  that  the  metal 
combustion  process  will  not  be  instantaneous  in  any  propellant.  Basically, 
this  means  that  small  scale  propellant  evaluation  and  scale  motor  testing 
should  be  conducted  with  due  consideration  given  to  the  requirements  of 
scaling  the  metal  combustion  process. 

Considerable  progress  has  been  made  in  this  program  in  the  area  of  post 
test  analysis  of  nozzle  performance.  It  has  been  demonstrated  that  detailed 
throat  deposition,  corrosion,  ballistic  and  heat  transfer  data  can  be 
obtained.  The  value  of  such  data  should  not  be  underestimated  nor  should 
its  accuracy  be  overestimated.  The  major  deterrent  to  achieving  higher 
data  quantity  and  quality  has  been  human  error.  In  future  propellant 
development  and  materials  evaluation  programs,  greater  care  should  be 
taken  in  obtaining  ballistic  performance  data  and  in  computing  performance 
efficiencies.  The  throat  deposition/erosion  analysis  should  be  developed 
further  and  routinely  perforsied  in  future  programs.  Thermal  instrumen¬ 
tation  techniques  used  in  this  program  were  highly  effective.  The  use  of 
such  techniques  in  future  programs  should  be  encouraged.  The  post,  test 
measurement  of  throat  corrosion  was  difficult  at  b^st.  The  circumferential 
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variation  in  throat  regression  can  and  should  be  related  to  the  motor 
design.  Maximum  and  minimum  values  are  useful  only  when  the  location  is 
also  given.  Evidently,  much  of  the  nozzle  corrosion  and  heat  transfer 
data  obtained  in  the  past  may  have  been  strongly  influenced  by  poor  metal 
combustion,  nonuniform  exhaust  flow  and/or  oxide  deposition.  Such  data 
sh  culd  not  be  used  without  considerable  interpretation  in  the  development 
of  new  motor  systems  or  in  evaluating  theoretical  predictions.  This 
generally  applies  to  both  aluminum  and  beryllium  propellants. 


-80- 


CONFIDENTIAL 


SECTION  4  (U) 

NOZZLE  DESIGN  AND  PERFORMANCE  ANALYSIS  METHOD 


4.1  INTRODUCTION 

A  major  fraction  of  the  program  technical  effort  was  devoted  to  the  develop¬ 
ment  of  Improved  analytical  methods  for  post-test  characterization  of  nozzle 
performance.  Parallel  efforts  were  devoted  to  the  improvement  of  analytical 
models  for  predicting  nozzle  performance.  The  results  of  these  efforts 
reflect  the  achievements  in  improving  the  understanding  of  nozzle/exhaust 
interaction  phenomena  which  determine  nozzle  materials  performance.  This 
section  attempts  to  organize,  condense  and  generalize  these  results.  The 
nozzle  performance  analysis  method  and  philosophy  apply  to  any  solid  pro¬ 
pellant  motor  and  can  be  extended  to  other  chemical  propulsion  devices 
without  major  revision.  Emphasis  is  placed  on  philosophy  and  qualitative 
analysis.  Specific  analytical  formulations  and  techniques  are  outlined  or 
incorporated  by  reference.  The  presentation  is  intended  to  facilitate  the 
application  of  the  method  in  the  preliminary  design  and  scale  testing  phases 
of  the  motor  systems  development.  If  this  is  actually  done,  it  is  believed 
that  many  of  the  problems,  such  as  have  been  uncovered  in  the  beryllium 
system,  may  be  circumvented.  Of  course,  the  method  may  still  be  used  in 
the  diagnostic  sense  in  the  event  that  unexpected  nozzle  or  motor  insulation 
performance  problems  should  arise. 

A  schematic  representation  of  the  method  is  shown  in  Figure  1.  It  consists 
of  a  series  of  steps  in  logical  order.  Each  step  provides  for  the  treatment 
of  a  well  defined  segment  of  the  overall  analytical  problem.  It  is  essen¬ 
tial  that  appropriate  decisions  be  made  regarding  the  technical  issues 
identified  in  each  step.  Such  decisions  are  of  two  basic  types.  First, 
the  user  must  decide  to  include,  neglect  or  ignore  the  indicated  physical 
features  of  the  problem.  Secondly,  when  an  effect  is  to  be  included  in 
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FIGURE  1.  NOZZLE  DESIGN  AND  PERFORMANCE  ANALYSIS  FLOW  CHART 
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the  analytical  model,  the  user  must  choose  a  degree  of  approximation  and/or 
specific  analytical  or  empirical  means  of  treatment.  If  actual  nozzle  per¬ 
formance  does  not  agree  with  design  expectations,  the  validity  of  these 
decisions  should  be  re-evaluated.  The  results  of  the  beryllium  motor  test 
program  provide  numerous  examples  of  how  nozzle  performance  can  be  misin¬ 
terpreted  if  combustion  and  deposition  effects  are  neglected  or  ignored. 
Similarly,  the  assumption  of  uniform  exhaust  flow,  hydraulically  smooth 
nozzle  contours  and  thermodynamic  equilibrium  have  been  shown  to  be  poten¬ 
tially  unrealistic.  A  matter  of  particular  concern,  with  respect  to  the 
performance  of  tungsten  nozzles,  is  the  consideration  of  the  low  melting 
berylide  and  carbide  formation.  In  general,  the  interpretation  of  scale 
motor  test  results,  motor  performance  efficiency  data  and  design  concept 
integrity  depend  extensively  on  such  decisions.  In  many  instances  laboratory 
and/or  motor  test  experiments  are  required  to  provide  the  basts  for,  or 
confirmation  of,  the  technical  decisions  and  results. 

The  starting  point  for  the  analysis  would  normally  be  a  specific  solid 
propellant  rocket  motor  design.  The  initial  conditions  (see  Figure  1)  to 
be  specified  include;  the  propellant  formulation,  the  nominal  motor  thrust 
program  (equivalent  to  the  propellant  grain  design),  the  motor/nozzle  internal 
contour,  the  nozzle  design,  and  the  heat  sink/insulation  materials  employed. 
After  proceeding  through  the  analytical  steps,  the  user  should  formulate 
conclusions  and  recommendations  regarding:  (1)  the  performance  of  the 
initial  motor/nozzle  design  (2)  modifications  to  the  design  and/or  materials 
selection,  (3)  definition  of  future  development  test  objectives,  and  (4)  the 
adequacy  and  accuracy  of  the  analytical  treatment.  The  motor/nozzle  per¬ 
formance  primarily  includes  the  overall  integrity  of  the  inotor/nozzle  struc¬ 
ture  and  the  stability  of  the  internal  contour,  and,  secondarily,  the  motor 
delivered  impulse. 

In  implementing  the  analytical  method,  it  may  be  sufficient  for  the  first 
iteration  to  use  the  simplest  and  most  direct  techniques  in  each  of  the 
analytical  steps.  This  should  permit  the  rapid  detection  of  the  most 
serious  problem  areas  and  indicate  where  the  more  sophisticated  analytical 
or  experimental  techniques  are  required.  It  should  be  noted  that  some  of 
the  simplified  techniques  described  in  this  section  constitute  significant 
improvements  over  previous  idealized  first  approximations. 

As  the  design  iterations  proceed,  shortcuts  may  be  taken  in  the  implementa¬ 
tion  of  the  method.  Thus,  when  the  propellant  selection  becomes  fixed, 
only  minor  revisions  to  the  propellant  combustion  analysis  need  be  made. 

When  the  motor  internal  configuration  becomes  fixed,  the  flow  field,  parti¬ 
cle  impingement,  radiation  interchange  factor,',  and  boundary  layer  edge 
conditions  need  not  be  re-evaluated.  Final  selection  of  the  materials 
leaves  only  component  thermal  and  structural  design  details  to  be  worked 
out . 
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It  is  not  unlikely  that  some  of  the  design  modifications  suggested  by  the 
analysis  would  involve  controversial  assumptions  employed  in  the  individual 
analytical  steps.  This  is  to  b®  expected  in  systems  employing  propellants, 
materials,  and/or  design  philosophies  for  which  direct  engineering  experience 
is  minimal.  When  critical  uncertainties  arise  in  characterizing  the  motor/ 
nozzle  response,  encompassing  assumptions  are  made  which  lead  to  a  range  of 
predicted  performance  for  the  particular  design.  Development  tests  are 
then  specified  to  determine  the  correct  analytical  formulation.  The  specifi¬ 
cation  of  a  test  program  includes  the  design  of  test  hardware,  the  selection 
of  test  instrumentation,  and  the  post-test  analysis  of  the  data  obtained. 

Sections  4.2  through  4.10  are  organized  in  accordance  with  Figure  1.  In 
each  subject  area,  the  technical  approach,  analytical  methods  and  future 
improvements  are  discussed.  Typical  and/or  new  analyses  are  outlined  or 
referenced.  Section  4.11  briefly  discusses  the  extension  of  the  method  of 
analysis  to  cooled  nozzles  and  from  solids  to  other  chemical  propulsion 
systems . 

4.2  PROPELLANT  C(»1BUSTI0N  AND  PERFORMANCE  ANALYSIS 

The  characterization  of  propellant  combustion  and  ballistic  performance 
includes; 

(1)  Theoretical  calculation  of  the  ideal  specific 
impulse,  characteristic  exhaust  velocity, 
adiabatic  flame  temperature,  and  the  exhaust 
composition, 

(2)  Estimation  of  nonideal  combustion  effects 
such  as  excessive  internal  gas  velocities, 
insufficient  chamber  residence  times  for 
metal  combustion,  metal  particle  agglomera¬ 
tion,  and  flow  stratification, 

(3)  Estimation  of  actual  propellant  thermo¬ 
dynamic  characteristics  such  as  specific 
impulse,  flame  temperature,  exhaust  compo¬ 
sition,  enthalpy,  specific  heats,  and 
isentropic  exponent. 

The  input  requirements  for  such  calculations  include: 

(1)  The  propellant  formulation  (binder,  oxidizer, 
metal,  additives,  etc.)  propellant  heat  of 
foriiiat^' ’>n,  grain  mlcvostructure ,  nominal 
chamber  pressure  history  and  nozzle  expansion 
ratio, 
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(2)  Estimation  of  the  internal  flow  field  param¬ 
eters,  including  internal  gas  velocities, 
condensed  particle  trajectories,  and  particle 
residence  times  (see  Section  4.3). 

The  ideal  propellant  exhaust  properties  are  employed  in  the  estimation  of 
the  internal  flow  field  parameters.  The  combustion  and  thermodynamic 
data  from  the  estimate  of  the  actual  propellant  delivered  performance  is 
subsequently  used  to: 

(1)  Check  the  Internal  flow  parameters  which  were 
based  upon  ideal  exhaust  properties, 

(2)  Determine  the  boundary  layer  edge  conditions, 

(3)  Estimate  the  nozzle  exposed  surface  conditions, 

(4)  Estimate  oxide  particle  impingement  profiles, 

(5)  Calculate  interchange  factors  for  radiative 
heat  transfer. 

a.  Technical  Approach 

The  ideal  characterization  of  the  required  propellant  exhaust  performance 
parameters  is  conducted  on  a  routine  basis  within  the  solid  propellant 
industry.  Typical  results  have  been  described  in  Section  3.1,  The  first 
step  in  the  calculation  procedure  is  to  find  the  chamber  stagnation  condi¬ 
tions,  given  the  propellant  formula,  ingredient  heats  of  formation,  the 
thermodynamic  properties  of  all  reasonable  combustion  products  and  the  nominal 
chamber  pressure  history.  Adiabatic  and  equilibrium  assumptions  are  used. 

The  minimum  free  energy  definition  of  the  equilibrium  state  is  used  in  the 
computerized  analysis  technique.  A  key  output  of  this  step  is  the  value  of 
the  chamber  entropy.  The  exhaust  is  then  expanded  isentropical ly  (in  one 
dimension)  to  each  of  a  series  of  nozzle  exit  pressures.  The  nozzle  throat 
condition  is  located  at  the  point  where  the  mass  flux  achieves  the  ma.;’mum 
value.  Exhaust  impulse  and  C*  are  calculated  from  their  definitions.  At 
each  specified  pressure,  all  desired  thermodynamic  state  parameters  (enthalpy, 
temperature,  etc.)  ar,e  calculated.  As  a  matter  of  option,  the  exhaust  may 
be  thermochemica 1 ly  frozen  at  the  chamber  composition  or  at  any  expansion 
pressure  ratio.  Usually,  the  completely  frozen  and  equilibrium  conditions 
are  calculated.  The  treatment  of  rate  limited  processes  (condensation, 
fusion  and  recombination)  is  usually  regarded  as  being  impractical.  Since 
freezing  normally  occurs  downstream  of  the  nozzle  throat,  the  equilibrium 
assumption  is  preferred  in  nozzle  design.  However,  freezing  in  the  exit 
cone  will  influence  ballistic  performance. 
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In  comparing  these  Ideal  results  with  the  actual  rocket  case,  the  following 
effects  may  pertain  and  Introduce  significant  deviations  from  ideal; 

(1)  Combustion  efficiency  losses, 

(2)  Nonadlabatic  flow  conditions, 

(3)  Incomplete  specification  of  exhaust  species  and 
inaccurate  thermochemical  properties, 

(4)  Nonisentroplc  flow, 

(5)  Mass  flow  augmenuation  and  mass  storage, 

(6)  Propellant  composition  variances, 

(7)  Combustion  chamber  pressure  gradients, 

1,8)  Multidimensional  flow. 

The  combined  result  of  these  effects  is  an  apparent  reduction  in  delivered 
C*  and  ISP  efficiency.  The  delivered  efficiency  may  also  be  significantly 
affected  by  measurement  errors  and  averaging  effects.  Nevertheless,  the 
ideal  propellant/motor  performance  will  continue  to  be  used  as  a  reference 
in  both  performance  evaluation  and  design.  At  this  point,  the  most  impor¬ 
tant  question  to  be  resolved  is  whether  or  not  complete  propellant  combus¬ 
tion  can  be  achieved  in  the  given  motor  design.  Conversely,  the  effective 
d'gree  of  combustion  in  a  p.’'ticular  motor  test  should  be  ascertained.  As 
discussed  in  Section  3.1,  the  failure  of  the  metal  additive  to  burn  completely 
is  regarded  as  the  primary  factor  in  poor  combustion.  This  will  appear  as 

a  ballistic  performance  loss  as  well  as  having  a  major  effect  on  nozzle 

performance . 

The  potential  ballistic  loss  due  to  poor  metal  combustion  is  proportional 
to  the  metal  loading  and,  for  the  propellants  used  in  this  program,  may  be 
as  great  as  20  to  25  percent.  Combustion  losses  also  include  the  effects 
of  flow  stratification,  erosive  burning,  wall  deposition  and  nonequilibra- 
tloi  of  condensed  phases  with  gaseous  exhaust  products.  However,  the  com¬ 
bination  of  poor  metal  combustion  and  flow  stratification  effects  are 
assumed  to  dominate  in  practical  cases.  Motor/nozzle  designs  should  be 
developed  to  minim: ''e  these  losses  and  post-test  performance  analyses  should 
be  directed  to  find..ng  the  magnitude  of  the  lossc.s. 

It  is  not  obvious  that  it  would  ever  be  required  to  design  a  motor  to  operate 

order  conditions  of  low  average  metal  combustion  efficiency.  However,  high 
mass  fraction  designs  are  likely  to  be  ine^^iicient  during  the  early  portion 
the  firing.  If  the  hardware  is  damaged  during  this  period,  it  may  well 
not  survive  the  full  test  duration.  It  is  essential  then  that  the  designer 
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estimate  the  magnitude  of  the  combustion  efficiency  problem  or  take  posi¬ 
tive  steps  to  avoid  exposure  of  hardware  to  incompletely  burned  erhausts. 
With  recognition  of  the  problem  of  properly  scaling  the  metal  combustion 
process,  the  results  of  such  efforts  should  be  confirmed  in  actual  motor 
tests.  Because  of  this  and  the  ultimate  desirability  of  maximizing  the 
combustion  efficiency,  the  development  of  extensive  analytical  techniques 
to  evaluate  the  metal  combustion  phenomenon  is  not  indicated.  A  more 
qualitative  approach  is  described  below; 

(1)  Estimate  the  exhaust  gas  potential  flow  field 
and  residence  times  along  streamlines  from  the 
grain  surface  to  the  points  where  flow  turning 
occurs  at  the  wall  and  to  the  nozzle  throat. 

(3)  Estimate  the  initial  burning  particle  size 
distribution.  The  effect  of  grain  surface 
agglomeration  in  distorting  the  original 
metal  particle  size  distribution  can  be 
evaluated  in  laboratory  propellant  combus¬ 
tion  studies. 

(3)  Compute  the  variation  in  flame  temperature 
and  exhaust  composition  as  a  function  of 
degree  of  metal  combustion. 

(4)  Estimate  the  required  residence  times 
(ignition  delay)  for  particles  of  various 
sizes,  taking  into  account  variations  in 
particle  lag  heating,  gas  velocity,  gas 
temperature  and  oxidizer  concentration 
along  streamlines. 

(5)  Estimate  the  tendency  of  the  design  to 
promote  stratification  and/or  deposition 

of  burning  metal  p.articles  caused  by  particle 
slip  across  streamlines. 

(6)  Iterate  the  procedure  over  the  firing  period 
with  emphasis  on  the  portions  of  the  test 
when  residence  times,  the  pressure  and  the 
chamber  velocities  are  lowest. 

(7)  For  use  in  post-test  analysis,  compute  C- ,  IfiP, 
stagnation  r  ithalpy  and  exhaust  composition 

as  a  funedon  of  degree  of  metal  combustion. 

If  possible,  the  motor  performance  efficiency 
should  be  calculated  on  an  instantaneous  rather 
than  average  basis. 
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(8)  Revise  metal  combustion  efficiency  estimates 
'■•’sed  on  motor  ballistic  and  materials 

pe:  'ormance. 

(9)  If  poi-i  metal  combustion  efficiency  is  indi¬ 
cated,  recommend  propellant  and/or  desi  n 
changes . 

For  Cither  the  beryllium  or  aluminum  propellants,  the  metal  combustion 
problem  will  be  minimized  if  metal  particle  agglomeration  does  not  occur 
on  the  grain  surface  and  the  minimum  flame  temperature  (no  metal  combustion) 
is  above  the  oyfde  melting  point.  The  minimum  flame  temperature  must  be 
above  the  minimum  particle  ignition  temperature.  The  minimum  flame  tem¬ 
perature  could  drop  below  the  oxide  melting  point  to  account  for  some  frac- 
ticr.  of  the  smaller  particles  which  are  certain  to  ignite  very  quickly. 

Thus,  particles  up  to  5  microns  in  diameter  are  likely  to  ignite  in  less 
than  0.1  milliser  nd .  Evidently,  the  metal  vapor  pressure  must  reach  a 
critical  level  , while  particles  are  coated  with  solid  oxides)  before  rapid 
combustion  can  begin.  (Such  a  combustion  criteria  would  be  only  meaningful 
as  long  as  there  was  sufficient  oxygen  available  to  sustain  the  vapor  phase 
reaction.)  It  should  be  remembered  that  the  particle  residence  times  rela¬ 
tive  to  the  aft  closure  insulation  and  nozzle  inlet  surfaces  may  be  con¬ 
siderably  shorter  than  those  pertaining  to  the  nozzle  throat.  Consequently, 
delivered  motor  efficiency  may  not  always  relate  directly  to  aft  closure 
or  nozzle  inlet  materials  exposure  conditions. 

The  extreme  corrosivity  of  the  exhaust  during  the  metal  com.bustion  tran¬ 
sient  poses  a  major  threat  to  the  hardware.  However,  wall  material,*?  may 
survive  a  poor  combustion  transient  if  they  are  protected  by  metal  and/or 
oxide  deposits.  The  use  of  deep  nozzle  submergence  may  lead  to  some  shield¬ 
ing  of  the  nozzle  by  creating  a  long  flow  path  for  combustion  products  near 
the  wall.  However,  nozzle  submergence  will  tend  to  eliminate  protective 
deposit  formation.  Sacrificial  ablation  of  aft  closure  and  nozzle  inlet 
surfaces  would  have  a  similar  shielding  effect.  In  exue-ne  cases,  the 
propellant  or  grain  design  should  be  changed  to  avoid  the  adverse  effects 
of  poor  combustion. 

The  dependence  of  the  combustion  transient  on  the  motor  design  suggests 
that  prior  experience  with  a  given  propellent  may  not  be  completely  relia¬ 
ble  in  new  situations.  Propellant  tailoring  is  also  likely  to  influence 
the  combustion  mechanics  of  the  metal  additive.  The  condition  or  treatment 
of  the  metal  itself  should  not  be  overlooked. 

b.  Future  Improvements 

To  the  extent  tiiat  greater  emphasi.s  must  be  placed  on  the  combustion  problem 
as  it  relates  to  motor  hardware  and  ballistic  performance,  greater  emphasis 
should  also  be  placed  on  the  study  of  the  combustion  of  metal  additives. 
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Improved  characterization  of  propellant  combustion  mechanics,  empirical 
data  for  motor  design,  and  techniques  for  acceler  ting  combustion  of  metal 
particles  are  required.  Advanced  propellants  should  be  developed  to  achieve 
high  metal  combustion  rates.  The  combustion  characteristics  of  suci.  pro¬ 
pellants  should  be  examined  as  soon  in  their  development  as  possible. 

Slurry,  gel,  fuel  rich,  liquid  ard  hybrid  systems  necessarily  invo.*;e 
transient  combustion  processes  which  may  precipitate  materials  and  ballistic 
performance  problems. 


4.3  INTERNAL  FLOW  FIELD  ANALYSIS 


A  complete  characterization  of  the  internal  flow  field  (combustion  products) 
would  include: 

(1)  Gas  velocity  vector  throughout  the  field, 

(2)  Trajectories  of  various  sized  particles, 

(3)  Chamber  residence  times  for  exhaust  products 
from  different  regions  of  the  grain, 

(4)  Entropy  losses  associated  with  high  velocity 
flow  turning  and/or  heating, 

(5)  Regions  of  flow  mixing,  separation  and 
reattachment , 

(6)  Variation  of  the  above  with  grain  burn  time. 

Such  a  complete  analysis  is  not  always  necessary  or  worthwhile.  Engineer¬ 
ing  expel ience  is  essential  in  this  step  to  focus  the  analytical  effort  on 
the  more  critical  aspects  of  the  flow  field.  The  interpretation  of  scale 
motor  test  results  or  development  of  scaling  criteria  are  closely  related 
to  the  evaluation  of  the  motor  flow  field  characteristics. 

The  input  information  for  the  flow  field  analysis  consists  of: 

(1)  The  grain  and  motor /nozzle  internal  contour, 

(2)  The  thermodynamic  properties  of  the  propellant 
combustion  products. 

The  results  and/or  assumptions  generated  in  this  step  are  required  to: 

(1)  Select  important  mechanisms  of  nonideal  combustion, 

(2)  Calculate  boundary  layer  edge  conditions, 

(3)  Estimate  exhaust  particle  impingement  profile, 

(4)  Calculate  radiative  interchange  factors, 

(5)  interpret  nonuniform  performance  of  motor  materials. 


a.  Technical  Approach 

Internal  flov/  field  analyses  should  be  conducted  in  the  preliminary  motor 
configuration  design  stage,  as  a  part  of  motor  scaling  studies  and  in 
diagnosing  motor  materials  performance.  In  most  cases,  great  analytical 
precision  cannot  be  justified  or  is  not  possible.  It  should  be  noted  that 
the  most  convenient  assumption,  uniform  one -dimensional  flow,  has  frequently 
been  treated  as  a  standard  in  evaluating  motor  performance  and  in  developing 
nozzle  designs.  Pertinent  deviations  from  this  ideal  are  considered  below. 

The  character  of  the  flow  field  is  determined  by  the  grain  design,  the 
motor/nozzle  contour,  the  condensed  phases  and  the  transient  combustion 
process.  Potential  flow  theory  can  be  used,  at  least  in  principle,  to 
establish  a  first  order  estimation  of  the  gas  flow  field.  Flow  separations, 
mixing  zones,  free  shear  layers  and  reattachment  zones  should  be  approxi¬ 
mately  located.  Again  in  principle,  the  condensed  phase  flow  field  can  be 
superimposed  on  the  gas  flow  by  neglecting  the  interaction  between  the  two. 
Since  the  condensed  phase  size  distribution  will  be  transient  in  nature  and 
not  well  known  at  any  point,  the  calculation  of  particle  lag  and  streamlines 
will  be  highly  approximate.  However,  it  is  important  to  identify  flow 
regions  in  which  the  condensed  phase  will  exist  in  higher  or  lower  than 
average  concentrations.  If  such  regions  are  formed  prior  to  the  completion 
of  metal  combustion,  the  burning  particles  could  be  extinguished  or  the 
apparent  exhaust  corrosivity  will  be  distorted.  Stratification  of  the  con¬ 
densed  phase  may  have  a  significant  influence  on  motor  ballistic  performance 
and  exhaust  plume  characteristics. 

internal  burning  grains  with  circumferentially  nonuniform  cores  (slots, 
steps,  star  points,  etc.)  will  induce  the  greatest  distortion  of  the  flow 
field  from  the  ideal.  Radial  jet  type  flow  will  interact  with  the  axial 
core  flow  to  increase  turbulence'  and  form  free  shear  layers.  As  illustrated 
by  the  slotted  grain  tests  in  this  program,  the  radial  jets  can  induce 
circumferential  nonuniformities  in  grain  burning,  nozzle  erosion,  particle 
impingement  and  nozzle  convective  heating.  Such  nonuniformities  will 
increase  the  severity  of  the  local  exhaust/wall  interactions  well  above  the 
average  or  nominal  conditions.  This  could  precipitate  component  and  system 
failure  in  marginal  designs.  It  is  doubtful  that  more  conservative  hard¬ 
ware  designs  could  eliminate  the  problem.  Thus,  stagnation  flow  and  extreme 
local  turbulence  are  the  causes  of  locally  extreme  heat  transfer,  corrosion 
and  impingement  which  the  wall  materials  cannot  survive.  Material  changes 
and  wall  cooling  can  only  be  expected  to  be  partially  effective  in  improving 
performance.  It  appears  that  the  most  critical  materials  problems  will 
occur  when  a  submerged  nozzle  is  used  with  a  slotted  or  star  grain.  The 
flow  behind  the  nozzle  anc’  along  the  aft  closure  insulation  will  be  most 
difficult  to  characterize.  Extreme  turbulence,  multiple  stagnations  and 
recirculation  should  be  anricipated.  Nose  cap  and  insulation  materials 
can  simultaneously  be  subjected  to  very  intense  heating,  corrosion,  shear 
and  impingement. 
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The  evaluation  of  the  Internal  flow  field,  for  the  purposes  of  estimating 
the  magnitude  of  the  metal  combustion  problem,  was  discussed  in  Section  4,2. 
It  is  also  important  to  evaluate  the  probability  of  incurring  erosive 
burning.  High  grain  burn  rates  could  alter  the  character  of  the  metal 
agglomeration  and  particle  combustion  mechanics.  Apparently,  the  effects 
of  high  grain  surface  gas  shear,  motor  axial  acceleration  and  rotation  on 
metal  combustion  mechanics  have  not  been  extensively  studied.  Strong 
coupling  effects  are  predicted  but  the  net  effect  on  nozzle  performance  will 
not  be  obvious  until  the  effect  of  transverse  shear  and  acceleration  on 
metal  agglomeration  are  understood.  It  should  be  noted  that  there  will  be 
a  major  reduction  in  the  chamber  flow  velocities  over  the  firing  period  for 
high  mass  fraction  designs.  The  highest  velocities  should  relate  to  the 
erosive  burning  limit  which  may  be  of  the  order  of  1000  to  2000  ft/sec. 

A  low  limit  in  velocity  should  probably  also  be  established  to  account  for 
the  reduction  in  combustion  efficiency  which  could  occur  due  to  the  reduc¬ 
tion  of  particle  lag  heating  at  low  gas  velocities.  (Even  a  transition 
from  turbulent  to  laminar  lag  heating  may  be  critical.)  This  effect  will 
be  offset  to  some  extent  by  increases  in  residence  time. 

b.  Future  Improvements 

Requirements  for  star  and  slotted  grains  will  undoubtedly  continue.  The 
degree  to  which  insulation  and  nozzle  materials  performance  will  be  affected 
by  the  flow  nonuniformities ,  with  or  without  transient  combustion  effects, 
can  only  be  roughly  estimated.  More  sophisticated  experimental  or  analytical 
studies  should  be  related  as  closely  as  possible  to  a  particular  propellant 
and  motor  system.  Scale  and  development  motor  test  results  should  be  inter¬ 
preted  in  terms  of  grain  design  and  poor  combustion  induced  erosion.  When 
problems  arise,  supplemental  scale  and  cold  flow  testing  could  be  conducted 
to  provide  a  relative  basis  for  evaluating  alternate  designs. 

4.4  BOUNDARY  LAYER  EDGE  CONDITIONS 

The  accurate  determination  of  the  boundary  layer  edge  conditions  and  exhaust 
gas  transport  properties  is  essential  to  the  prediction  of  both  heat  transfer 


and  corrosion. 

The  following  data  are  required: 

(1) 

Local  mass  flux  of  exhaust  gases, 

(2) 

Local  recovery  enthalpy. 

(3) 

Local  exhaust  gas  composition, 

(4) 

Variation  of  exhaust  gas  viscosity,  thermal 
conductivity,  and  Prandtl  number  with  local 
pressure,  temperature,  and  composition. 

(5) 

Magnitudes  of  flow  nunoniformities  as  a  function 
of  circumferential  location  near  the  nozzle  surface. 
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Input  information  for  this  step  in  the  analysis  is  obtained  from; 

(1)  The  estimate  of  the  actual  propellant  performance, 
thermodynamic  properties,  and  exhaust  composition, 

(2)  The  Internal  flow  field  analysis. 

The  data  resulting  from  this  step  are  then  employed  in  the: 

(1)  Estimation  of  nozzle  surface  conditions. 

(2)  Calculation  of  boundary  layer  transport  coefficients. 

(3)  Calculation  of  nozzle  overall  thermochemical  response, 
a.  Technical  Approach 

The  basic  assumption  of  the  flow  field  calculations  was  that  the  flow  is 
inviscid.  The  internal  contour  of  the  motor  and  nozzle  defines  the  boundary 
of  the  flow  field.  For  most  cases,  the  magnitude  of  the  error  introduced 
by  neglecting  the  boundary  layer  displacement  thickness  along  the  contour 
is  very  small.  In  such  cases,  the  boundary  layer  edge  conditions  are 
equivalent  to  the  flow  field  conditions  along  the  nominal  internal  contour. 
In  general  these  conditions  are  dependent  upon  the  axial  and  circumferential 
location  along  the  motor/nozzle  contour  and  the  time  from  motor  ignition. 


The  first  approximation  in  determining  the  edge  mass  flux  and  recovery 
enthalpy  is  to  assume  a  one-dimensional  flow  field.  For  this  assumption: 


(Pu)e 


where : 

2 

(pu)^  =  mass  flux  at  the  boundary  layer  edge,  lbm/(in  sec) 

P  ■  chamber  pressure,  psia 

c 

2 

g  =>  acceleration  due  to  gravity,  32.174  ft/sec 

C*  ■  characteristic  exhaust  velocity,  ft/sec 

2 

=  nozzle  throat  area,  in 

2 

A  «  local  nozzle  cross-sectional  area,  in 
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The  second  approximation  accounts  for  axially  symmetric  deviations  from  the 
one-dimensional  flow.  The  expression  for  mass  flux  is  the  same  as  in  the 
first  approximation  except  for  the  substitution  of  A'  for  A,  The  quantity 
A'  is  defined  as  the  local  flow  cross-sectional  area  and  is  obtained  as  a 
function  of  axial  location  from  the  flow  field  analysis.  Note  that  A'  will 
be  greater  than  or  equal  to  A.  Since  the  gas  shear,  heat  transfer  and  mass 
transfer  Increase  with  mass  flux,  the  use  of  A'  rather  than  A  is  not  con¬ 
servative.  The  most  refined  estimate  takes  circumferential  nonuniformities 
into  account.  In  this  case,  the  mass  flux  distribution  should  be  obtained 
directly  from  the  flow  field  analysis. 


In  some  boundary  layer  analyses  the  mass  flux  is  expressed  in  terms  of  the 
Mach  number  at  the  *^oundary  layer  edge.  For  example.  Reference  11  uses  the 
following  expression  for  (pu)^: 


0.203  'V  P  M 


c  e 

[CpT,  CV-  1)]  ‘ 

7  +  1 

e  1 

where: 

M  = 
e 

edge  Mach  number 

7  = 

isentropic  expansion  exponent 

C  ” 

P 

specific  heat  at  constant  pressure 
Btu/ lbm°R 

(exhaust  products) 

T 

c 

adiabatic  flame  temperature,  “R 

In  employing  this  expression,  is  chosen  to  give  the  proper  pressure  at 
the  throat.  The  actual  values  of  P,,  and  T^.  (from  the  combustion  analysis) 
are  used  and  the  value  of  Cn  is  chosen  such  that  the  maximum  value  of  (pu)g 
is  given  by  the  expression  for  Mg  >=  1.  Then,  if  the  one-dimensional 
assumption  is  made,  the  variation  of  Mg  with  axial  location  is  determined 
from  the  equation: 


A 

A 


t 


J. 

M 


1  + 


^  -  1  ,..2  V 

2  ^‘e 


'I  +  1 
2 


7  +  1 
2(7-  1) 


Otherwise,  if  the  mass  flux  variation  does  not  correspond  to  one -dimensional 
flow,  the  variation  in  Mach  number  with  axial  location  is  calculated  from 
Equation  1  to  match  the  variation  in  mass  flux  determined  from  the  flow 
field  analysis. 
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Local  variations  in  the  mass  flux  with  time  should  generally  be  accounted 
for.  In  cases  where  the  flow  field  is  uniform  and  simple,  the  mass  flux 
will  be  proportional  to  pressure.  As  the  grain  burns  away  from  the  nozzle 
(particularly  submerged  nozzles),  other  mass  flux  variations  will  occur 
and  should  be  accounted  for. 

The  calculation  of  the  convective  heat  transfer  requires  a  knowledge  of 
the  recovery  enthalpy  along  the  nozzle  contour.  For  turbulent  flow,  this 
enthalpy  is  calculated  from: 

H  -  h  +  (Pr)^'^^  (H  -  h  )  (2) 

re  'ee' 

where : 

=  recovery  enthalpy,  Btu/lbm 

h^  =  static  enthalpy  at  the  boundary  layer  edge,  Btu/lbm 

Pr  *  Prandtl  number  of  the  exhaust 

=  total  enthalpy  at  the  boundary  layer  edge,  Btu/lbm 

In  addition  to  the  enthalpy  data,  the  propellant  combustion  and  performance 
analysis  provides  an  estimate  of  the  variation  in  exhaust  composition 
throughout  the  nozzle.  Calculations  of  the  corrosivity  of  the  exhaust 
depend  upon  the  composition  at  the  boundary  layer  edge.  Both  mole  fractions 
and  mass  fractions  of  all  important  species  in  the  exhaust  gas  should  be 
specified  at  this  point  in  the  analysis.  This  boundary  layer  edge  composi¬ 
tion  data  is  used  to  characterize  the  wall  conditions  and  calculate  trans¬ 
port  properties  for  the  exhaust  gas. 

Currently,  the  transport  properties  for  the  exhaust  gas  are  calculated  by 
a  variety  of  methods.  The  simplest  of  these  is  that  of  Reference  6.  The 
most  refined  method  is  that  described  in  Section  II  of  Reference  4  which 
employs  the  data  of  Reference  12  and  the  equations  of  Reference  13  to 
obtain  values  of  fXoj  1^,  «nd  Pr  for  the  exhaust  gas  mixture.  This  method 
is  a  very  good  approximation  to  the  rigorous  kinetic  theory  for  multi- 
component  gas  mixtures  (Reference  13),  but  is  not  complex  to  an  impractical 
extreme.  The  potential  improvement  in  accuracy  is  brought  out  by  the  fol¬ 
lowing  example; 

T  =  6794'’r  M  =  18.21  7  =>  1.16 

c 

C  =  0.492  Btu/lbm'’R  (frozen) 

P 

R  =  mean  molecular  weight  of  exhaust  gas  mixture 
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The  results  for  the  two  methods  are  summarized  in  the  following  table. 

All  of  the  indicated  changes  tend  to  significantly  increase  the  predicted 
values  of  the  convective  heat  transfer. 


Transport 

Property 

Simple 

Method 

Refined 

Method 

%  Change 

Ibm/in  sec 

0.392  X  lO"^ 

0.512  X  lO'^ 

+31% 

Btu/in  sec°R 

0.226  X  lO'^ 

o 

X 

o 

1 

VwH 

+254% 

0.855 

0.438 

-49% 

The  discussion  of  the  diffusion  coefficients  for  the  species  diffusing 
through  the  exhaust  gas  mixture  has  been  included  in  Section  4.8.  The 
mixture  diffusion  coefficients  are  calculated  from  the  binary  coefficients 
for  each  specie  with  every  other  specie  in  the  exhaust  mixture.  The  cal¬ 
culation  of  the  binary  diffusion  coefficients  is  discussed  in  Section  I"''  of 
Reference  4.  The  standard  method  of  calculating  these  coefficients  is  by 
the  expression: 


where 


a 


0.004233  X  T 


1.5 


D.  . 


/M.  +  M.  i 


1/2 


(3) 


tj 


ij 


P.  . 
ij 


2 

diffusion  coefficient  for  specie  i  through  specie  j,  in  /sec 
local  pressure,  psia 
local  temperature,  °K 
molecular  weight 

mean  collision  diameter  for  species  i  and  j,  angstroms 
collision  cross-section  integral  for  diffusion 


The  data  in  References  12  and  14  have  heer.  used  in  conjunction  with 
Equation  3  to  obtain  the  diffusion  coefficients. 

b.  Future  Improvements 

A  shortcoming  of  the  current  techniques  for  specifying  the  boundary  layer 
conditions  is  that  tlie  effects  of  adding  material  (pyrolysis  gases  and/or 
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products  of  surface  corrosion  reactions)  to  the  boundary  layer  upstream  of 
the  point  of  interest  are  not  included.  The  effects  of  this  boundary  layer 
mass  addition  pertain  to  the  potentials  for  surface  corrosion  and  convective 
heat  transfer  (see  Section  4.8).  All  mass  addition  effects  may  be  included 
in  the  analysis  through  modifications  in  the  boundary  layer  structure. 
However,  it  is  physically  realistic  and  convenient  to  separate  the  effects 
into  those  influencing  the  convective  heat  transfer  and  surface  corrosion 
coefficients,  and  those  influencing  the  recovery  enthalpy  and  the  effective 
composition  of  corrosive  boundary  layer  gases.  This  separation  of  effects 
corresponds  to  the  simplified  terminology  of  "blocking"  effects  and  "dilu¬ 
tion"  effects. 

Relative  to  the  blocking  effects,  the  dilution  effects  of  mass  addition  at 
the  nozzle  surface  are  difficult  to  estimate.  A  physical  model  of  the 
dilution  process  Includes: 

(1)  The  addition  of  pyrolysis  gas  and  products 

of  surface  corrosion  reactions  to  the  boundary 
layer , 

(2)  The  mixing  of  these  gases  ’..’ith  the  propellant 
exhaust  gases  in  the  boundary  layer, 

(3)  The  establishment  of  a  new  thermochemical 
equilibrium  in  the  mixture  and  new  effective 
edge  enthalpy  and  composition  at  some  point 
downstream  of  the  original  injection  point. 

The  translation  of  this  physical  model  into  a  useful  mathematical  model  is 
limited  by  the  lack  of  quantitative  knowledge  of  two  key  parameters  in  the 
model.  These  are  the  mixture  ratio  of  injected  gases  to  propellant  exhaust 
products  and  the  distance  downstream  of  the  point  of  injection  where  the 
mixture  thermochemical  equilibrium  properties  become  the  effective  edge 
conditions . 

To  date,  the  majority  of  the  effort  to  clarify  this  problem  has  been  in  the 
area  of  highly  Idealized  laboratory  experiments.  Rocket  motor  test  firings, 
representing  the  opposite  extreme  in  experimental  work,  are  not  well  suited 
to  the  investigation  of  the  dilution  effects  because  of  the  relative  lack 
of  control.  The  best  experimental  approach  would  probably  involve  a  compro¬ 
mise  between  the  two  extremes.  The  testing  would  be  of  the  laboratory  type 
and  employ: 

(1)  "Warm"  gases  (1500  to  2500‘’K)  of  carefully 
controlled  composition, 

(2)  Well  characterized  flow  geometries  such  as  a  flat 
plate , 
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(3)  Materials  representative  of  those  employed  in 
solid  rocket  motors. 

A. 5  PARTICLE  IMPINGEMENT  ANALYSIS 

Discussed  in  this  subsection  are  the  techniques  of  estimating  the  particle 
impingement  profiles  for  the  given  motor/nozzle  internal  contour.  The 
particle  Impingement  profile  data  includes: 

(1)  Frequency  per  unit  area  of  condensed  particle 
impingement  as  a  function  of  location  on  the 
contour,  particle  size,  and  propellant  consumed, 

(2)  Mass,  momentum,  and  energy  fluxes  to  the  surface 
due  to  particle  impingement. 

The  input  data  for  this  analysis  is  obtained  from  the  propellant  combustion 
and  flow  field  analyses  and  includes: 

(1)  Composition  of  condensed  particles, 

(2)  Size  distribution  of  particles  in  the  chamber, 

(3)  Particle  trajectories. 

The  results  of  the  impingement  profile  analysis  are  employed  in: 

(1)  Estimating  the  nozzle  exposed  surface  conditions, 

(2)  Calculating  the  nozzle  thermochemical  response 
(flow  of  surface  deposit). 

As  in  the  flow  field  analysis,  the  complete  specification  of  particle  impinge¬ 
ment  by  theoretical  methods  is  impossible  for  most  cases  of  interest.  This 
implies  a  need  for  reliable  empirical  techniques  to  interpret  and  scale 
particle  impingement  and  motor  materials  performance  data. 

a.  Technical  Approach 

Condensed  phase  impingement  has  been  studied  by  a  variety  of  analytical, 
cold  flow  modeling  and  motor  test  techniques.  Each  of  these  is  limited  in 
its  ability  to  represent  the  actual  case.  The  cold  flow  and  scale  motor 
testing  approach  may  provide  some  information  concerning  impingement  area 
location,  boundary  layer  starting  point  and  nonuniform  flow  effects.  Cold 
flow  modeiinc  results  from  this  program  may  be  found  in  Sections  3.3  of 
References  1  and  2.  When  transient  combustion  and  nonuniform  flow  effects 
are  acknowledged,  it  is  apparent  that  the  effort  and  expense  of  such  work 
mav  not  always  be  justified.  The  alternate  approach  is  more  qualitative  in 
nature  and  depends  on  vinderstandlng  the  results  of  analytical  and  experi¬ 
mental  studies  of  pat  tide  impingement. 
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Evidently,  both  the  normal  metal  oxides  and  the  metals  themselves  can  be 
impinged  on  motor  surfaces.  It  is  assumed  that  each  particle  may  stick  to 
the  wall  or  rebound  in  .:ccordance  with  the  nature  of  the  wall  material,  its 
surface  character,  its  temperature,  the  momentum  and  energy  impact  param¬ 
eters,  the  physical  state  of  the  particle  and  its  physical  properties. 

Except  in  rare  Instances  (contoured  exit  cones),  it  is  expected  that  the 
impinging  particles  will  be  in  the  liquid  state.  Lacking  specific  evidence 
to  the  contrary,  some  cr  all  of  the  liquid  can  be  assumed  to  remain  on  the 
surface.  The  most  obvious  exception  to  this  rule  occurs  when  the  impact 
causes  the  physical  removal  of  the  material  in  the  impact  icone.  (Ablative 
and  polycrystalline  materials  in  the  vicinity  of  a  near  normal  flow  stagna¬ 
tion  would  probably  experience  this  type  of  physical  erosion.)  When  the 
particles  do  stick,  they  will  contribute  to  the  heating  of  the  surface,  both 
because  thev  will  be  hotter  than  the  surface  and  the  mechanical  impact 
i-.iergy  will  partially  dissipate  as  heat.  When  the  impact  surface  is  liquid 
(silica  melt,  molten  alumina,  etc.),  particle  sticking  may  be  more  efficient 
but  splashing  could  occur. 

The  consequences  of  impingement  are  chemical,  mechanical  and  thermal.  At 
least  for  graphite  and  tungsten  materials,  the  metal  oxides  of  aluminum 
and  beryllium  do  not  pose  a  significant  chemical  interaction  problem.  How¬ 
ever,  the  deposition  of  aluminum  or  beryllium  metal  on  tungsten  (and  possi¬ 
bly  metal  motor  components)  could  have  disasterous  results.  Mechanical 
erosion  is  most  likely  to  occur  in  high  velocity  flow  stagnation  regions, 
at  high  materials  surface  temperatures  and  with  structurally  weak  surfaces. 
This  effect  could  be  avoided  by  eliminating  the  flow  stagnation  condition 
(a  design-flow  field  tradeoff)  or  by  changing  materials.  It  is  speculated 
that,  in  the  past,  excessive  gas  phase  corrosion  associated  with  poor  metal 
combustion  may  have  beer,  "lis interpreted  as  impaction  induced  mechanical 
erosion.  The  net  thermal  effect  of  impaction  depends  on  whether  or  nor 
sticking  occurs.  If  sticking  doen  not  occur,  the  local  heating  rates  will 
be  significantly  augmented  relative  to  convective  heating.  When  sticking 
occurs,  the  deposit  insulation  effects  can  more  than  compensate  for  Che 
particle  heating.  Furthermore,  the  flow  of  the  deposit  extends  the  insula¬ 
tion  effects  to  surfaces  downstream  where  impaction  is  not  occurring.  .Ws  a 
matter  of  choice,  the  designer  could  elect  to  eliminate  such  deposit  forma¬ 
tion  and  flow  effects  by  preventing  either  particle  inipaction  or  sticking. 
Conversely,  by  increasing  impaction  rates,  it  should  be  possible  to  encourage 
deposit  formation  to  cake  greater  advantage  of  the  insulation  effect. 
Apparently,  the  accumtil  .^ion  of  high  temper.Jture  slag  on  motor  surfaces, 
not  normally  exposed  to  convective  heating,  has  caused  -lotor  case  burn 
th, roughs  in  the  past.  In  such  cases,  minimal  insulation  lias  been  available 
to  resist  the  slag  heating. 

.Accurate  means  of  predicting  impingement  rates  in  complex  motors  have  not 
been  developed.  In  the  present  program,  the  character  of  the  deposit  hiscorv 
at  the  nozzle  throat  was  evaluated  bv  ballistic  and  dermal  performani.e 
analyses.  Such  data  could  be  used  to  cscimate  tic  fraction  of  the  total 
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condensed  material  that  was  actually  deposited.  Cold  flow  modeling  data 
and  analytical  estimates  could  also  be  used  to  provide  a  reference  for 
comparative  analysis.  Post  test  inspection  of  fired  hardware  would  a!  o 
be  useful  as  would  measurement  of  thermal  response  along  the  motor  contour. 
Ultimately,  actual  motor  materials  performance  will  probably  provide  the 
best  indication  of  the  effectiveness  of  empirical  design  techniques  employed 
to  control  the  condensed  phase  impaction  and  deposition. 

b.  Future  Improvements 

In  the  future,  motor  testing  should  be  used  to  further  evaluate  the  possi¬ 
bility  of  exploiting  the  advantages  of  oxide  deposition  protection.  The 
effects  of  nozzle  submergence  on  slag  accumulation  and  deposition  control 
are  matters  of  particular  interest.  It  is  emphasized  that  impingement  and 
deposition  are  closely  related  to  the  degree  and  rate  of  metal  combustion, 
the  grain  design  and  the  motor/nozzle  wall  contour.  The  designer  should 
anticipate  both  the  benefits  and  adverse  effects  of  condensed  phase  impinge¬ 
ment,  slag  accumulation,  deposit  protection  and  slag  expulsion.  All  motor 
tests  and  results  should  be  studied  to  confirm  qualitative  expectations  and 
to  improve  the  understanding  of  the  behavior  of  the  condensed  phases. 

Gravity  field  and  acceleration  effects  on  slag  deposits  should  be  considered 
in  motor  test  pro;, rams, 

4.6  RADIATION  PARA.—^RIC  ANALYSIS 

This  section  describes  the  techniques  used  to  calculate  the  radiative  heat 
transfer  in  rocket  fiozzles.  The  three  sources  of  radiant  energy  for  heat 
transfer  to  a  given  location  on  the  nozzle  surface  are: 

(ll  Exhaust  gases, 

(2)  Condensed  particles  in  the  exhaust, 

(3)  Regions  of  the  nozzle  surface  with  a  line-of- 
sight  to  the  given  location. 

Effective  emissivities  for  radiation  from  these  sources  are  dependent  upon: 

(1)  Absorption  and  scattering  coefficients  of 
the  gaseous  species  and  particles, 

(2)  Effective  path  lengths  for  radiation  emitted 
fron.  the  three  sources, 

(3)  Hie  intersurfact  view  factors. 

(4)  nic  nature  of  the  nozzle  surface  materials. 
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The  estimation  of  gas  and  particle  emissivtties  from  scattering  and  absorp¬ 
tion  coefficient  data  is  ordinarily  not  possible  for  the  complex  solid 
propellant  exhaust  mixtures.  In  most  cases,  a  method  of  scaling  gas  and 
particle  emissivities  (in  combination)  from  direct  measurements  of  the 
radiant  energy  flux  in  solid  rocket  motors  is  employed. 

The  input  information  of  primary  importance  to  this  analytical  step  is: 

(1)  The  motor /nozzle  internal  contour, 

(2)  The  composition  of  the  propellant  exhaust  gases, 

(3)  The  composition  and  size  distribution  of  particles 
in  the  exhaust. 

The  actual  calculation  of  the  contribution  to  the  overall  nozzle  heat  trans¬ 
fer  by  radiation  is  performed  in  the  computerized,  coupled  analysis  using 
the  instantaneous  surface  temperatures  and  the  appropriate  emissivity  data 
in  parametric  form.  In  many  cases,  the  treatment  of  radiation  may  be 
omitted  when  it  can  be  shown  to  be  negligible  compared  to  convection. 

a.  Technical  Approach 

The  radiation  heat  flux  to  the  nozzle  surface  may  be  written  as  (see 
Sections  2.5  of  References  1,  2  and  3): 


where: 


e  e  e  e  e 

gw  g  w  goo  goo 

2 

q  ,  =  radiation  heat  flux,  Btu/in  sec 

^rad 

f  =  overall  emissivity 

^gw 

e  =  local  emissivity  of  combustion  products 

g 

e  =  maximum  emissivity  of  combustion  products 

"  local  surface  emissivity 
^  *  Stefan -Boltzmann  constant 
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local  static  temperature  of  combustion  products,  °R 
local  surface  temperature,  “R 


T 

g 

T 

w 

Equation  4  is  valid  primarily  for  propellant  echausts  with  significant 
amounts  of  condensed  species.  In  such  cases,  the  combustion  products  radiant 
emission  is  primarily  from  the  condensed  species.  Radiation  from  surfaces 
with  a  line-of-sight  to  the  surface  of  interest  will  usually  be  negligible 
due  to  the  scattering  nature  of  the  condensed  phase.  For  propellant  exhausts 
with  no  condensed  species,  the  radiation  flux  is  primarily  from  the  gaseous 
species  H2O,  CO,  HCl  and  from  nearby  surfaces.  Techniques  for  the  eistima- 
tion  of  radiation  view  factors  are  described  in  Reference  15.  The  most 
refined  of  these  techniques  is  a  computer  program  which  integrates  the 
intersurface  radiation  to  any  point  on  the  contour  of  an  axisymmetrlc 
nozzle . 

Referring  again  to  the  situation  where  condensed  particle  cloud  radiation 
is  dominant,  the  local  and  maximum  cloud  emissivities  are  related  by  the 
expression: 

S  [1  -  (5> 

where: 

0  =  constant  dependent  upon  the  optical  properties  (scattering  and 
adsorption  coefficients)  of  the  exhaust, 

I  =  mean  path  length  for  radiation  from  the  cloud  to  the  given 
point  on  the  nozzle  surface. 

A  summary  of  the  underlying  theory  for  this  expression  is  provided  in 
References  1  and  2.  Currently,  the  Implementation  of  this  expression  for 
the  calculation  of  is  limited  by  the  complexity  of  the  theoretical 
expressions  for  0  and  Experimental  data  are  required  for  these  factors 

in  the  analysis.  Reference  7  shows  the  selection  of  /  »  0.9  times  the  local 
nozzle  diameter  to  be  valid  for  alumina  particle  clouds.  Measurements  of 
the  terms  in  Equation  5,  reported  in  References  7  and  16  for  alumina  clouds, 
show  the  influence  of  static  pressure  and  temperature,  mean  molecular  weight 
of  the  exhaust,  mean  radiation  path  length,  and  the  weight  percent  of  alumina 
in  the  exhaust.  The  value  of  the  maximum  emisslvity  may  vary  from  0.2  to 
1.0  depending  upon  the  amount  of  condensed  carbon  and/or  iron  oxide  parti¬ 
cles  in  the  alumina  cloud.  A  value  of  0.28  for  a  beryllia  particle  cloud 
was  reported  in  Reference  2.  As  noted  in  Reference  2,  for 

PD  >450  psla-ft,  where  P  is  the  local  static  pressure  and  D  the  local 
nozzle  diameter.  For  regions  of  the  nozzle  where  PD  <  450  psia-ft  and 
the  radiation  heat  flux  is  likely  to  be  important  compared  to  the  convective 
heat  flux,  the  data  of  Reference  7  could  be  used.  Similar  data  for  beryllia 
clouds  has  not  been  found.  The  use  of  alumina  data  offers  the  best  available 
approximation. 


-102- 


The  emissivity  of  the  nozzle  surface  depends  on  the  presence  or  absence  of 
deposits  of  condensed  exhaust  products  (primarily  BeO  or  AI2O3).  Data 
found  in  the  literature  and  summarized  in  Reference  2  indicates  an  approx¬ 
imate  emissivity  range  of  0.2  to  0.3  for  metal  oxides  deposits  and  0.8 
to  1.0  for  carbon  chars  and  graphite  materials. 

b.  Future  Improvements 

The  weakest  point  in  the  parametric  radiation  analysis  is  the  determination 
of  particle  cloud  emissivity  for  clouds  composed  of  particles  other  than 
pure  alumina.  The  effects  of  varying  amounts  of  impurities  such  as  carbon 
particles  and  iron  oxide  upon  the  cloud  maximum  emissivity  and  emissivity 
correction  factor  are  uncertain.  These  uncertainties  become  increasingly 
important  as  the  motor  size  is  increased.  For  beryllia  clouds,  the  emissivity 
data  are  especially  sparse.  The  amounts  of  unburned  metal  particles  may  be 
an  important  variable  in  the  estimation  of  the  maximum  and  local  emissivities 
of  beryllia  clouds.  The  best  approach  to  gathering  the  basic  emissivity 
data  is  probably  the  use  of  the  technique  which  has  proven  successful  in 
obtaining  the  existing  data.  This  involves  the  use  of  radiometers  in 
measuring  cloud  emissivities  in  actual  solid  rocket  motor  firings.  The 
method  of  analysis  of  data  obtained  from  these  tests  is  described  in 
Reference  2. 

4.7  EXPOSED  SURFACE  CHARACTERIZATION 

The  characterization  of  the  exposed  motor/nozzle  contour  surfaces  includes 
the  determination  of; 

(1)  Chemical  reactions  between  exposed  wall  materials, 
exhaust  prodiicts,  condensed  deposits,  and  insula¬ 
tion  pyrolysis  gases, 

(2)  Chemical  composition  of  gases  imir^diatly  adjacent 
to  the  surface, 

(3)  Enthalpy  cf  gases  adjacent  to  the  surface, 

(4)  Chemical  corrosion  potential  in  terms  of 
differences  in  corrosive  species  concentra¬ 
tions  between  the  boundary  layer  edge  and 
the  surface, 

(5)  Susceptibility  of  the  surface  material  to 
mechanical  erosion, 

(6)  Ma;;nitudes  of  surface  roughness. 
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This  data  should  be  obtained  in  a  parametric  form  to  account  for  transients 
in  surface  temperature,  pressure,  and  pyrolysis  gas  flow. 

The  inputs  required  for  this  parametric  characterization  are  obtained  from: 

(1)  The  specification  of  nozzle  materials, 

(2)  The  propellant  combustion  analysis, 

(3)  The  specification  of  boundary  layer  edge 
conditions , 

(4)  The  estimation  of  the  particle  impingement 
profile . 

The  parametric  results  are  required  in  the  final  coupled  calculation  of 
the  nozzle  thermochemical  response.  The  chemical  composition  of  the  gases 
adjacent  to  the  surface  and  the  anticipated  magnitudes  of  surface  roughness 
are  used  in  the  calculation  of  the  boundary  layer  heat  and  mass  transport 
coefficients . 

a.  Technical  Approach 

The  identification  of  the  chemical  interactions  between  the  exposed  surface, 
exhaust  products  and  pyrolysis  gases  can  be  accomplished  using  existing 
thermochemistry  computer  programs.  Typically,  the  thermochemical  equilibrium 
composition  and  related  thermodynamic  data  for  reacting  systems  are  found 
using  the  minimization  of  free  energy  method.  The  use  of  the  same  tech¬ 
nique  to  analyze  the  propellant  combustion  and  performance  is  discussed  in 
Section  4.2.  The  emplo>Tnent  of  thermochemistry  programs  to  characterize 
the  chemical  corrosion  of  the  exposed  nozzle  .surface  is  discussed  below. 

The  first  approximation  in  determining  the  nature  and  quantitative  extent 
of  the  surface  corrosion  is  to  calculate  the  chemical  equilibrium  composi¬ 
tion  of  a  unit  mass  of  exhaust  products  saturated  with  the  surface  material. 
Pyrolysis  gases  may  be  added  in  any  desired  ratios  to  the  exhaust  products. 

The  local  pressure  and  temperature  are  input  to  uniquely  determine  the  thermo¬ 
dynamic  state  of  the  mixture.  The  composition  of  the  gases  saturated  with 
wall  material  is  compared  with  the  exhaust  composition  at  the  bounda'v  layer 
edge.  This  comparison  is  used  to  identify  the  important  corrosion  reactions 
which  are  likely  to  occur. 

Limitations  to  the  corrosion  reactions  predicted  from  thermodynamic  equilibrium 
considerations  arise  from,  three  sources.  These  are: 

(1)  Finite  gas-solid  reaction  rates  (kinetic 
limitations) , 
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(2)  Unavailability  of  condensed  exhaust  products 
for  corrosive  reactions, 

(3)  Protection  of  the  surface  material  by  a 
deposit  of  condensed  exhaust  products  or 
condensed  products  of  corrosion  reactions. 

The  influence  of  finite  corrosion  reaction  rates  on  corrosion  may  be 
estimated  using  the  thermodynamic  equilibrium  program.  Knowing  the 
pressure  and  temperature,  kinetic  data  for  the  particular  reaction  of 
interest,  and  a  first  estimate  of  the  mass  fluxes  of  the  species  taking 
part  in  the  reaction,  the  heats  of  formation  of  appropriate  species  may  be 
adjusted  to  anticipate  the  shift  in  mixture  composition  at  the  surface.  In 
general,  some  iteration  would  be  required  until  the  calculated  specie  mass 
fluxes  agree  with  the  specie  rates  of  production  (or  consumption)  at  the 
surface.  Unfortunately,  the  results  of  including  reaction  kinetic  effects 
are  not  easily  obtained  in  the  desired  parametric  form.  Reference  8 
describes  the  development  of  a  special  computer  program  to  calculate  the 
kinc.i  ally  controlled  corrosion  of  graphite  exposed  to  gas  mixtures  con¬ 
taining  CO2,  H2O,  and  H2.  This  program  has  a  similar  shortcoming  in  that 
the  corrosion  potential  is  a  function  of  the  specific  mass  transfer  coef¬ 
ficient,  in  addition  to  the  pressure,  temperature,  and  pyrolysis  gas  flow 
rate.  A  practical  approach  to  including  kinetic  effects  is  to  estimate 
the  regimes  (temperature,  pressure,  etc.)  where  ther-'  effects  become  sig¬ 
nificant  and  apply  empirical  factors  to  the  equilibrium  estimates  of  the 
potential  for  surface  corrosion. 

A  second  technique  is  useful  for  estimating  the  lower  limit  for  corrosion 
in  kinetically  controlled  reactions.  After  identifying  the  particular 
reactions  which  will  be  kinetically  controlled,  the  products  of  these 
reactions  may  be  deleted  from  the  li.st  of  acceptable  output  species  for  the 
equilibrium  calculation.  The  result  is  a  composition  at  the  surface  which 
reflects  a  zero  reaction  rate  for  the  selected  corrosion  reactions.  In 
some  cases  the  bracketing  of  the  corrosion  potential  by  this  latter  tech¬ 
nique  is  sufficient  to  provide  insight  into  the  importance  of  reaction 
kinetic  effects. 

When  exhaust  products  such  as  metal  oxides  are  condensed,  they  will  be  in  a 
particulate  form,  unable  to  equilibrate  with  either  the  gas  phase  or  the 
wall.  The  particle  impingement  profile  may  also  indicate  that  the  particles 
will  not  approach  the  surface.  The  effect  of  these  conditions  upon  the 
estimate  of  surface  corrosion  is  obtained  by  eliminating  the  condensed 
products  in  the  exhaust  composition  which  is  input  to  the  chemical  equili¬ 
brium  corrosion  calculation. 

When  the  exhaust  products  or  the  products  of  the  corrosion  reactions  occur 
as  condensed  species,  the  possibility  of  their  Inhibiting  gas  phase  corro¬ 
sion  must  be  exam.ined  closely.  If  such  products  are  in  the  liquid  state, 
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they  might  be  removed  by  the  gas  shear  and  thus  not  completely  block  the 
gas-solid  reactions.  If  the  products  form  in  the  solid  state,  the  reac¬ 
tions  can  only  procede  via  the  diffusion  of  corrosive  gases  through  the 
solid  coating. 

The  quantitative  results  of  the  surface  corrosion  analysis  include  the 
corrosion  potential  and  the  enthalpy  of  the  mixture  at  the  surface  as 
functions  of  pressure,  temperature,  and  pyrolysis  gas  addition  at  the 
surface.  As  presented  in  Reference  17  and  discussed  in  Reference  1,  the 
corrosion  potential  is  the  "B  value"  which  represents  the  mass  of  wall 
material  required  to  saturate  a  unit  mass  of  exhaust  products.  For  gas 
mixtures  where  all  the  species  in  the  mixture  have  identical  mass  transfer 
coefficients,  it  can  be  shown  that: 


f  =  (pu)^  C 


m 


where : 

2 

r  =  linear  surface  corrosion  rate,  in^  sec 

2 

(pu)^  =  boundary  layer  edge  mass  flux,  Ibm/in  sec 

C  =  mass  transfer  coefficient  for  the  gases  in  the  mixture 

m 

=  density  of  the  surface  material,  Ibm/in^ 

The  parametric  data  for  B  as  a  function  of  pressure,  temperature,  and 
pyrolysis  gas  flow  rate  is  then  part  of  the  input  for  Che  calculation  cf 
f  in  the  final  calculation  of  the  noJizle  thermochemical  response. 


The  thermochemical  equilibrium  program,  which  determines  the  mixture  compo¬ 
sition  at  the  surface  and  the  B  value,  also  calculates  the  mixture  enthalpy 
from, 
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enthalpy  ot  the  composition  at  Che  surface.  Btu/lbm 
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=  enthalpy  required  to  raise  specie  i  from  298'K  to  the  local 
temperature,  Btu,'‘lbtn 
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Then,  the  convective  heat  transfer  to  the  surface  is  expressed  as: 

q  =  (pu)  C.  (H  -  H  ) 

'e  h  '  r  w 

Here  the  symbols  are  defined  as: 

q  =  convective  heat  flux,  Btu/in^  sec 

C.  =  Stanton  number 
h 

=  recovery  (adiabatic  wall)  enthalpy,  Btu/lbm 

As  with  the  B  value,  the  variation  of  with  pressure,  temperature,  and 
pyrolysis  gas  flow  is  obtained  for  the  coupled  calculation  of  nozzle  respon 
Note  that  the  standard  reference  enthalpy  for  Hgy;  and  should  be  the  same 
for  the  expression  for  q  to  be  correct. 

The  estimation  of  the  susceptibility  of  the  -urface  material  to  mechanical 
erosion  and  roughening  is  considerably  less  refined  than  the  estimation  of 
surface  chemical  corrosion.  It  is  necessary  to  identify  regions  of  the 
surface  where  erosion  is  likely  to  be  either  completely  negligible  or  com¬ 
pletely  dominant  with  respect  to  corrosion  effects.  In  the  former  case, 
the  results  of  the  coupled  calculation  of  nozzle  thermochemical  response 
are  unaffected  by  erosion.  In  the  latter  case,  both  corrosion  and  heat 
transfer  rates  will  be  dominated  by  roughness  effects  as  only  turbulent 
transport  processes  will  occur  in  the  boundary  layer. 

The  qualitative  estimate  of  the  susceptibility  of  the  surface  to  mechanical 
erosion  should  be  based  upon  the  following  specific  information; 

(1)  Microstructure  of  the  surface  material, 

(2)  Likelihood  of  corrosive  reactions  occurring 
beheath  the  surface  of  the  (porous)  material  , 

(3)  Strength  properties  of  the  material  near  the 
sur  face  , 

(4)  Local  impingement  rates  and  momentum  of  condensed 
particles  in  the  exhaust. 

(3)  Estimates  of  gas  shear  at  the  surface, 

(6)  Estimates  of  th.c  pressv  '  drop  due  to  pyrolysis 
gas  flow  through  the  porous  char  of  sacrificial 
insulation  materials. 
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The  magnitude  of  the  surface  roughness  should  be  estimated  to  determine  the 
possibility  of  increased  gas  shear,  convective  heat  flux,  and  corrosive 
species  transport.  The  surface  roughness  may  have  a  critical  influence  upon 
the  boundary  layer  transport  coefficients  as  a  result  of  altering  the 
boundary  layer  struct'-re.  Order  of  magnitude  estimates  for  surface  rough¬ 
ness  heights  may  be  obtained  from  a  knowledge  of  the  microstructure  of  the 
material  and  the  mode  of  surface  corrosion/erosion.  For  example,  the  magni 
tubas  of  surface  roughness  for  poiycrystalline  graphites  is  probably  of  the 
order  of  the  grain  size.  The  distribution  of  the  roughness  elements  over 
the  surface  is  also  important  in  estimating  the  effect  of  the  surface  rough 
ness  upon  the  boundary  layer  structure. 

b.  Future  Improvements 

wnile  the  analytical  techniques  for  characterizing  the  nozzle  surface 
materials  are  considered  adequate,  the  quality  of  materials  property  data 
is  poor.  The  data  which  could  be  greatly  improved  through  careful  labora¬ 
tory  investigation  include: 

(1)  Properties  of  liquid  and  solid  metal  oxide 
deposits  (liquid  viscosity,  thermal  con¬ 
ductivities,  and  .surface  emissi vit ies) , 

(2)  Additional  chemical  kinetic  rate  data  for 
charred  surfaces  of  insulation  materials. 

(3)  Magnitudes  of  surface  roughness  developed  by- 
various  materials  under  flow  conditions  which 
simulate  the  rocket  nozzle  environment. 

4.8  BOUNDARY  LA’i'ER  .AN.ALYSIS 

The  evaluation  of  the  boundary  layer  transport  coefficients  is  discussed 
in  this  section.  The  transport  coefficients  include: 


(1) 

Skin  friction  coefficient  for  gas 
calcu lat ion , 

siicar 

(2) 

Stanton  number  for  convective 
rate  calculation. 

transfer 

(3) 

Species  mass  transfer  coefficients 
corrosion  rate  calculation. 

for  ci'.cr.i 
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The  coefficients  are  determined  from  a  calculation  of  the  local  boundary 
layer  which  is  dependent  upon: 

(1)  Local  mass  flux  at  the  boundary  layer 
edge, 

(2)  Transport  properties  of  the  gases  in  the 
boundary  layer, 

(3)  Surface  temperature  and  pressure, 

(4)  Pyrolysis  gas  injection  into  the  boundary 
layer, 

(5)  Magnitude  of  the  local  surface  roughness. 

Parametric  calculation  of  the  transport  coefficients  is  usually  required. 

The  parametric  data  is  then  employed  in  the  calculation  of  the  nozzle 
thermochemical  response.  Input  to  the  boundary  layer  analysis  is  obtained 
from  the  specification  of  boundary  layer  edge  conditions  and  exposed  surface 
conditions . 

a.  Technical  Approach 

The  characterization  of  boundary  layers  starts  with  the  determination  of 
whether  they  are  laminar  or  turbulent.  This  requires  the  calculation  of 
the  local  Reynolds  number  for  the  boundary  layer  and  a  comparison  of  this 
parameter  with  a  critical  Reynolds  number  for  transition  from  a  laminar  to 
a  turbulent  structure.  The  critical  Reynold's  number  is  a  function  of  the 
pressure  gradient  along  the  surface,  the  magnitude  of  the  surface  rough¬ 
ness,  mass  addition,  heat  transfer  at  the  surface,  and  external  flow  field 
turbulence.  In  most  correlations  of  boundary  layer  transition  data,  the 
characteristic  length  employed  in  the  critical  Reynold's  number  is  either 
the  boundary  layer  displacement  thickness  or  momentum  thickness.  Some 
data  obtained  directly  from  rocket  motor  firings  (Reported  in  Reference  19) 
seems  to  indicate  that  the  boundary  layer  at  the  nozzle  throat  (hydraulically 
smooth)  will  be  laminar  or  in  transition  for  sufficiently  low  values  of  the 
Reynold's  number  based  on  throat  diameter.  The  general  applicability  of 
this  data  to  solid  propellant  rockets  is  controversial.  In  any  case,  it 
is  desirable  to  determine  the  nature  of  the  boundary  layer  along  the 
entire  contour.  This  task  requires  the  use  of  more  fundamental  data  than 
can  be  obtained  from  rocket  motor  firings.  Since  most  solid  rockets  operate 
at  chamber  pressures  in  excess  of  200  psia,  the  Reynold's  numbers  for  these 
motors  are  sufficiently  large  to  insure  that  the  boundary  layer  will  be 
turbulent  throughout  tho  nozzle.  Exceptions  are  noted  further  on  in  the 
discussion. 
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The  characterization  of  turbulent  boundary  layers  in  rocket  nozzles  may  be 
accomplished  with  a  variety  of  techniques.  Currently,  the  best  approach 
to  the  boundary  layer  characterization  (including  the  calculation  of  the 
required  transport  coefficients)  consists  of  the  following  steps; 

Step  1.  The  nozzle  boundary  layer  computer  program  of  either  Reference  11 
or  Reference  19  is  used  to  calculate  the  boundary  layer  parameters  including 
the  skin-friction  coefficient  and  the  Stanton  number,  Both  of  these  analyses 
assume  the  turbulent  boundary  layer  is  developing  over  a  hydraulically 
smooth  surface  in  a  flow  field  with  a  nonzero  pressure  gradient.  The  analysis 
of  Reference  11  assumes  the  exhaust  gases  are  perfect,  but  allows  an  arbitrary 
boundary  layer  Mach  number  distribution  to  be  input  independent  of  the 
actual  nozzle  geometry.  The  program  of  Reference  1?  may  employ  variable 
exhaust  thermodynam.lc  properties,  but  assumes  the  mass  flux  at  the  boundary 
layer  edge  is  related  directly  to  the  nozzle  geometry.  The  forms  of  the 
Reynold's  analogy  (between  momentum  and  heat  transfer)  employed  by  the  tvro 
programs  differ  slightly. 

Step  2,  The  skin-friction  coeff<ci  t  and  Stanton  number  distributions 
along  the  nozzle  contour  are  ..ittad  to  correlat'on  equations  of  the 
following  form  (see  Section  3,7); 


where ; 

=  correlation  coefficient 

/i^  =  viscosity  of  exhaust  gases  in  the  chamber,  Ibm/in  sec 

C*  =  characteristic  exhaust  velocity  of  the  propellant,  ft/sec 
=  nozzle  throat  diameter,  in. 

=  chamber  pressure,  psia 

2 

g  =  acceleration  due  to  gravity,  ft/sec‘' 

r  ”  radius  of  curvature  of  the  nozzle  contour  at  ttie  nozzle  throat, 
c 

in . 
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A 


2 

=  local  nozzle  cross-section  area,  in 
-  nozzle  throat  area,  in^ 

0  =  temperature  correction  factor  for  gas  density  and  viscosity 

across  the  boundary  layer 

Pr  =  Prandtl  number  of  the  exhaust  gas  mixture 

n  =  correlating  exponent 

The  values  of  Cj  and  n  are  adjusted  to  provide  the  best  fit  for  both  Cf/2 
and  along  the  contour.  Recent  studies  (Reference  4)  indicate  that  the 
value  of  Cl  will  be  in  the  range  0.0225  to  0.026  and  the  value  of  n  will 
be  approximately  0.1. 

Step  3.  By  extending  Che  similarity  analysis  which  related  to  Cf/2  and 
the  Prandtl  number  of  the  gas  mixture,  the  relationship  between  the  mass 
transfer  coefficients  (Cmf)  and  Cf/2  may  be  shown  to  be: 


where : 

a 

Sc.  =  -  =  Schmidt  number  Tor  specie  i 

1  PO.  . 

1  ,mix 

P  =  gas  mixture  viscosity,  Ibm/ln  see 

P  =  gas  misture  density,  Ibro/in^ 

D.  .  =  diffusion  coefficient  of  specie  i  in  the  g  :s  i.lxcure,  in^/sec 

i,mix 

This  expression  may  be  derived  employing  boundary  layer  assumptions  similar 
to  those  employed  by  von  Karman  in  deriving  bis  relation  between  Cf,  and 
Cf/2.  A  surrenavy  of  von  Karman's  derivatioi.  is  presented  in  Reference  20, 
Curi'ently,  the  most  practical  technique  for  evaluating  the  Cmf's  is  to 
assume  all  the  specie  Sctimidt  numbers  are  identical  and  aqual  to  the  Prandtl 
number.  This  assumption  leads  to  the  conclusion; 


It  further  implies  that  the  B  values  obtained  in  the  exposed  surface 
characterization  may  be  used  directly  in  calculating  the  corrosion  rate. 

Step  4.  The  injection  of  surface  material  (corrosion  products)  and/or 
pyrolysis  gases  into  the  boundary  layer  may  have  a  major  effect  on  the 
boundary  layer  structure  and,  therefore,  the  transfer  coefficients.  The 
magnitude  of  this  effect  is  estimated  through  the  use  of  the  following 
parameter: 


B 


t 


^^^pvrolysis 

<=h 


where : 

=  a  total  B  value  including  net 
gases,  reaction  products,  and 

flow  of  corrosive 
pyrolysis  gases. 

(pv) 

pyrolysis 

=  mass  flux  of  pyrolysis  gas  at 
Ibm/in^  sec 

the  nozzle  surface. 

(Pu)e 

=  mass  flux  at  the  boundary  layer  edge,  Ibm/in^  sec 

=  Stanton  number 

B 

=  surface  corrosion  parameter 

This  parameter  is  then  employed  in  a  semi-emperical  correlation  of  the 
form: 


(Cj/2) 

^o 


f  (Bj.)  5  1.0 


Thus,  for  Bt  >  0  the  skin  friction  coefficient  is  reduced  by  the  injection 
of  gases  at  the  surface.  Several  specific  correlations  for  this  transpiration 
factor  are  currently  in  use.  References  1,  21,  33,  23,  and  8  contain 
discussions  of  the  more  useful  correlating  functions.  The  correction  factor 
of  Reference  23  is  one  of  the  most  recent  and  reasonable  for  use  in  rocket 
nozzles.  This  is  essentially: 

(C^-/2)  0.8  B^ 

(Cj/2)^  '  7xp  (0.8  B^)  -  1 
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Here,  (Cf/2)Q  is  the  calculated  value  of  the  skin-friction  coefficient  for 
the  case  of  no  mass  addition  at  the  surface.  The  effect  of  transpiration 
on  the  similarity  relation  between  (and  the  Cmi's)  and  the  Cf/2  is 
assumed  to  be  negligible  as  long  as  the  reduced  Cf/2  is  used  in  the 
similarity  expressions. 


Step  5.  The  effect  of  surface  roughness  upon  the  boundary  layer  transfer 
coefficients  is  the  final  consideration  in  the  parametric  characterization 
of  the  boundary  layer.  The  analysis  of  surface  roughness  effects  contained 
in  Reference  4  provides  a  guide  to  the  application  of  specific  roughness 
data.  The  result  of  the  analysis  is  an  estimate  for  the  rough  wall  skin- 
friction  coefficient  which  is  obtained  from  an  effective  roughness  param¬ 
eter  Ks/X.  The  value  of  the  rough  wall  skin-friction  coefficient  may  be 
50  to  100  percent  greater  than  the  smooth  wall  value.  In  applying  the 
rough-surface  calculation,  care  should  be  taken  to  include  the  effects  of 
simultaneo\.3  mass  addition  at  the  surface.  The  modification  of  the  boundary 
layer  structure  by  the  transpiration  of  gases  into  the  boundary  layer  may 
negate  the  effect  of  surface  roughness  on  the  skin-friction  coefficient  or 
increase  the  value  of  the  critical  roughness  height.  Experimental  data 
from  research  on  re-entry  problems,  where  this  combination  of  effects 
occurs,  may  be  applicable  for  the  rocket  nozzle  boundary  layer  analysis. 
Where  it  has  been  determined  that  surface  roughness  is  a  dominating  factor, 
tl  •?  best  assumption  for  determining  C[ti  and  from  the  rough  wall  skin- 
friction  coefficient  is: 

Sc^  =  Sc  =  Pr  =  1 

Here,  these  similarity  parameters  are  the  ones  for  the  case  of  a  completely 
turbulent  boundary  layer.  This  assumption  implies: 


m 


=  C.  =  (C,/2)  . 

h  f  rough 


The  techniques  described  in  the  above  five  steps  are  valid  primarily  for 
turbulent  boundary  layers  in  flows  with  a  favorable  pressure  gradient. 

Other  techniques  should  be  applied  in  such  special  flow  situations  as  a 
stagnation  point  and  any  region  of  separated  flow  (e.g.,  in  the  aft  closure 
around  a  submerged  nozzle).  Techniques  for  these  two  particular  special 
cases  have  been  developed  and  are  summarized  below. 

The  development  of  the  laminar  boundary  layer  near  a  stagnation  point  is  a 
relatively  well  characterized  phenomenon.  Reference  20  presents  the  vari¬ 
ation  in  heat  transfer  coefficient  with  distance  away  from  the  stagnation 
point  for  various  body  shapes. 
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Reference  24  is  a  standard  reference  for  calculations  of  heat  transfer 
in  separated  regions.  Both  laminar  and  turbulent  reattached  boundary 
layers  are  considered  with  results  presented  in  the  form  of  Stanton  number 
factors  for  nonseparated  boundary  layers  of  equivalent  Reynold's  number. 
These  Stanton  number  factors  are  a  function  of  the  fluid  Prandtl  number 
and  the  type  of  boundary  layer  (laminar  or  turbulent).  It  should  be  noted 
that  the  Stanton  number  corrections  apply  only  to  the  average  values  over 
the  separated  flow  regions.  Other  more  recent  data  indicate  that  such 
averaging  is  not  sufficiently  detailed.  Reference  25,  for  example,  presents 
data  which  show  a  significant  peak  in  the  heat  transfer  coefficient  near 
the  reattachment  point  of  the  boundary  layer.  The  effect  may  be  quite  sig¬ 
nificant  depending  upon  the  flow  field  of  the  particular  motor  under 
consideration. 

b.  Future  Improvements 

Two  techniques  which  are  nearly  developed  to  the  point  of  implementation 
are : 

(1)  A  computerized  calculation  of  turbulent  boundary 
layer  development  in  a  rocket  nozzle  environ¬ 
ment  including  the  effect  of  mass  addition  at 
the  surface.  This  calculation  method  is  an 
extension  of  the  analyses  of  Reference  11  and  19. 

The  data  of  Reference  26  relating  the  skin  fric¬ 
tion  coefficient  to  the  local  transpiration  rate 
and  boundary  layer  Reynold's  number  would  probably 
be  employed.  Such  a  computer  program  would  be 
used  in  a  manner  similar  to  the  two  programs  dis¬ 
cussed  above.  The  results  of  the  calculation 
./ould  provide  the  parametric  variation  of  Cf/2, 

C^,  and  Cj^  with  wall  temperature,  mass  injec¬ 
tion  rate,  and  location  on  the  nozzle  contour. 

The  use  of  this  program  would  increase  con¬ 
siderably  the  confidence  in  predicting  the 
convective  heat  transfer  and  surface  corrosion 
rates  in  nozzles  with  high  rates  of  boundary 
layer  mass  addition. 

(2)  A  calculation  of  the  corrosion  potential  employ¬ 
ing  unequal  Schmidt  numbers  for  the  gaseous 
species  in  the  mixture.  This  calculation  would 
probably  best  be  implemented  by  modifying  the 
present  B-value  computer  program  to  include  the 
analysis  of  Section  2.2  of  Reference  4.  The 
results  of  this  modified  program  would  be  applied 
in  exactly  the  same  maner  as  are  the  current 
B-values.  However,  the  accuracy  of  the  B-values 
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would  be  considerably  Improved  for  propellant 
exhausts  composed  of  species  of  widely  different 
molecular  weights  (see  Section  4.4).  Prandtl/ 

Schmidt  number  latios  (Lewie  numbers)  of  such 
species  as  CO2,  i'2>  and  F  \‘’l  h*"  significantly 
different  from  un  ty.  The  magnitude  of  the 
effect  of  the  variation  of  lewis  numbers  from 
unity,  on  the  B  values  is  estimated  to  be  in 
the  range  of  20  to  fiO  percent. 

It  is  not  unlikely  that  some  of  the  existing  chemical  kinetic  rate  data 
will  have  to  be  reviewed  when  more  accurate  calculation  of  the  gaseous 
diffusion  effects  upon  surface  corrosion  is  achieved.  Also,  the  identifica¬ 
tion  of  dilution  effects  from  laboratory  experiments  (see  Section  4.4)  would 
depend  upon  the  ability  to  accurately  analyze  the  test  data. 
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4.9  COUPLED  NOZZLE  THERMOCHEMICAL  ANALYSES 


The  techniques  presented  in  this  section  integrate  the  parametric  results 
of  the  prior  analytical  steps  into  a  final  calculation  of  the  nozzle  overall 
thermochemical  response.  The  parametric  input  data  is  obtained  from: 

(1)  Specification  of  the  boundary  layer  edge 
conditions , 

(2)  Estimation  of  nozzle  exposed  surface  conditions, 

(3)  Calculation  of  the  boundary  layer  transport 
coefficients , 

(4)  Estimation  of  the  particle  impingement  profile, 

(5)  Calculation  of  radiative  interchange  factors, 

(6)  The  detailed  nozzle  design. 

The  phenomena  modeled  in  the  coupled  analyses  include: 

(1)  Conductive  heat  transfer  in  the  nozzle 
components , 

(2)  Convective  and  radiative  heat  transfer  to  the 
nozzle  surface, 

(3)  Flow  of  liquid  deposit  along  the  nozzle  surface, 

(4)  Internal  ablation  of  sacrificial  insulations, 

(5)  Chemical  corrosion  of  the  nozzle  surface, 

(6)  Effects  of  local  mass  addition  into  the  boundary 
layer , 

(7)  Effects  of  throat  area  variation  on  the  motor 
internal  ballistics. 

The  coupling  of  these  phenomena  assures  a  realistic  analytical  simulation 
of  the  actual  nozzle  performance.  The  major  Interactions  between  the 
phenomena  which  nc'cssltate  the  coupling  of  the  analyses  Include  the 
following: 


(1)  Heat  conducted  into  the  nozzle  is  dependent 
upon  convective  and  radiative  heating  rates. 


(2)  Convective  and  radiative  heating  rates  are 
dependent  upon  the  surface  temperature, 

(3)  Heat  conducted  into  the  nozzle  is  dependent 
upon  the  thermal  Insulation  provided  by  con¬ 
densed  deposits  on  the  nozzle  surface, 

(4)  The  flow  of  deposit  material  depends  upon  the 
surface  temperature,  the  convective  and  radiative 
heating  rates,  and  the  gas  shear, 

(5)  The  radiative  heating  rate  is  dependent  upon  the 
presence  of  the  deposit  through  the  surface 
emissivity , 

(6)  The  internal  ablation  rate  and  effective  heat 
of  ablation  of  heat  sink  insulation  depends 
upon  the  conductive  heating  rate  at  the  ablation 
front , 

(7)  The  conduction  of  heat  beyond  the  ablation  front 
is  dependent  upon  the  effective  heat  of  ablation, 

(8)  The  pyrolysis  gas  flow  rate  is  dependent  upon 
the  internal  ablation  rate, 

(9)  The  pyrolysis  gas  composition  is  dependent 
upon  the  temperature  of  the  charred  material, 

(10)  The  chemical  corrosion  of  the  nozzle  surface  is 
dependent  upon  the  surface  temperature  and  pres¬ 
sure,  and  the  rate  of  transport  of  corrosive 
species  to  the  surface, 

(11)  The  convective  heating  rate  is  dependent  upon 
the  heat  absorbed  or  released  at  the  nozzle 
surface  by  the  corrosive  chemical  reactions, 

(12)  The  chemical  reactions  occurring  at  the  surface 
depend  upon  the  pyrolysis  gas  composition  and 
flow  rate, 

(13)  The  transport  of  corrosive  gaseous  species  to 
the  wall  is  inhibited  by  the  presence  of  wall 
deposits , 


(14)  The  gas  shear,  convective  heating  rate,  and 
transport  rates  of  corrosive  species  are 
dependent  upon  the  rate  of  mass  addition  into 
the  boundary  layer  from  the  nozzle  surface, 

(15)  The  rate  of  mass  addition  into  the  boundary 
layer  depends  on  the  pyrolysis  gas  flow  rate 
and  the  rate  of  chemical  corrosion  of  the  nozzle 
surface , 

(16)  The  motor  Instantaneous  chamber  pressure  is 
dependent  upon  the  nozzle  instantaneous  throat 
area , 

(17)  The  nozzle  throat  area  history  is  dependent  upon 
the  deposition/corrosion  history  at  the  throat, 

(18)  The  gas  shear,  convective  heating  rate,  and 
corrosive  species  transport  depend  upon  the 
instantaneous  chamber  pressure. 

In  addition  to  these  interactions,  the  nozzle  surface  regression  due  to 
mechanical  erosion  may  be  significant.  Analytical  coupling  of  the  mechanical 
erosion  rate  to  particle  impingement,  gas  shear,  corrosive  weakening  of 
surface  material,  and  internal  ablation  phenomena  would  be  desirable  in 
such  cases.  Unfortunately,  this  is  extremely  difficult  in  general  due  to 
a  lack  of  understanding  of  specific  erosion  mechanics.  IThere  appropriate 
test  data  are  available,  a  mechanical  erosion  correlation  may  be  included 
in  the  coupled  analyses. 

The  quantitative  results  of  the  calculation  include: 

(1)  The  overall  thermal  history  of  the  nozzle, 

(2)  The  internal  ablation  history  of  sacrificial 
insulation, 

(31  The  corrosion  history  of  the  nozzle  contour, 

(4)  The  motor  pressure  and  thrust  lustories. 

The  results  of  this  step  satisfy  two  of  the  original  objectives  in  applying 
the  method  of  analysis: 

(1)  The  prediction  of  nozzle  contour  Integrity, 

(2)  The  prediction  of  motor  ballistic  performance. 
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The  nozzle  thermochemical  response  data  are  essential  Input  to  the  final 
structural  analysis  to  determine  thermochemical  effects  upon  the  nozzle 
tructural  integrity. 

a.  Technical  Approach 

The  calculation  of  the  overall  nozzle  thermochemical  response  requires  the 
use  of  a  computer  program.  Such  a  program,  as  documented  in  Reference  27, 
basically  provides  an  explicit  finite-difference  solution  to  the  three 
dimensional  Fourier  heat  conduction  equation.  The  size  and  flexibility  of 
other  conduction  programs  must  permit  the  inclusion  of  equations  other  than 
the  basic  conduction  equation.  This  is  very  important  in  solving  simulta- 
eously  the  governing  equations  for  the  physically  coupled  thermochemical 
phenomena.  Just  as  important  is  the  ability  to  reprogram  the  coupled 
analyses  to  permit  simplified  calculation  procedures  to  be  used.  The 
formulation  of  the  Fourier  conduction  equation  and  the  equations  of  the 
coupled  analyses  as  they  are  currently  used  are  discussed  in  the  following 
paragraphs . 

(1)  Conduction  Heat  Transfer 


The  method  employed  to  solve  the  Fourier  heat  conduction  equation  involves 
the  digital  solution  of  an  analogous  R-C  electrical  network.  The  conduction 
geometry  is  programmed  as  a  series  of  nodes,  each  with  heat-storing  capacity 
and  connected  by  therm^al  resistors  to  adjacent  nodes.  The  finite  difference 
equation  is  an  explicit  expression  for  the  temperature  at  each  node  after 
a  specified  time  interval  has  passed.  This  expression  is; 


T^  (0  +  A0)  =  ^ 

i 


T.(0)  -  Tj^(0) 


+  Q, 


T.(0) 


where : 


T^  (0  +  A0)  =  temperature  of  the  ith  node  at  time  0  +  A0,  F 

0  =  independent  time  variable,  sec 

A0  =  time  increment,  sec 

C.  =  heat  capacity  of  ith  node,  Btu/  F 

1 

T.(0)  =  temperature  of  the  jth  node,  adjacent  to  the  ith  node, 

^  at  time  0,  F 

T,(0)  =  temperature  of  the  ith  node  at  time  0,  F 
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thermal  resistance  to  heat  flow  between  the  jth  node 
and  the  1th  node,  °F  sec/Btu 


ij 


=  strength  of  Internal  heat  source  (or  sink)  for  the  ith 
note,  Btu/sec 


The  sensible  heat  capacity  Is  usually  found  from: 

^1  =  ^I'^iSi 

where : 

=  density  of  1th  node,  Ibm/ln^ 

=  volume  of  ith  node,  in- 

C  .  =  specific  heat  of  ith  node,  Btu/lbm'T 
pi 

The  thermal  resistances  are  usually  determined  by  whether  the  heat  flow  is 
by  conduction, 


(6) 


or  by  convection, 
1 


h.  .  A.  . 
ij  tj 


(7) 


or  by  radiation. 


R. 


iJ 


0  e. .  A, .  F. .  (T. 

J-J  ij  1..1  t 


.oO)'  +  iT. 


»60)' 


(T.  +  460)  +  i;T.  +  460) 
1  J 


(8) 


Here  the  nomenclature  i s : 

^  length  of  heat  path  from  jth  node  to  the  it'-  a^de,  in 
“  interface  area  cor-  ^on  to  the  ith  and  jth  nodes. 

=  material  thermal  conductivity,  Btu/in  sec"F 


'ij 


i  ) 


”0 


convective  film  coefficient  between  the  ith.  and  jth  nodes, 
Btu/in‘  sec  ' 


a 


Stefan-Boltzmann  constant,  Btu/in^  sec“R^ 
emissivity  for  radiation  between  the  ith  and  jth  nodes 


'ij 


configuration  factor  for  radiation  between  the  ith  and 
jth  nodes 


T.  ,  T. 
1  J 


temperatures  of  the  ith  and  jth  nodes,  °F 


Since  this  formulation  of  the  heat  conduction  problem  involves  an  explicit 
expression  for  temperature  Tj  (0  +  A0) ,  some  attention  must  be  given  to  the 
question  of  the  stability  of  the  solution.  Assuming  a  small  error  exists 
in  the  solution  for  the  Tj^'s  at  a  time  0,  it  must  not  be  allowed  to 
propagate  as  0  progresses.  This  criterion  determines  the  maximum  size  of 
the  time  increment  which  may  be  used  in  the  explicit  expression.  The 
time  increment  is  normally  set  equal  to  one  fourth  of  the  minimum  value  of 
the  (RC)j^'s  of  all  nodes  in  the  network,  where: 


(RC). 


1 


In  solving  the  conduction  problem,  all  values  of  C^,  Rj^j,  may  be  recal¬ 
culated  after  the  calculation  of  the  new  node  temperature.  This  allows 
variations  in  all  pertinent  parameters  as  the  calculation  proceeds.  The 
important  variations  which  are  usually  considered  include: 

(a)  Variations  in  material  properties  with 
temperature , 

(b)  Variations  in  the  convective  boundary 
condition, 

(c)  Variations  in  surface  emissivity  and  oxide 
deposit  thickness. 

It  is  through  this  capability  for  instantaneous  (time  increments  of  0.1  sec 
are  normally  small  enough)  variations  in  the  conduction  problem  that  the 
models  of  the  important  physical  phenomena  occurring  in  the  nozzle  are 
coupled  to  the  solution  of  the  conduction  problem. 

(2)  Convection  and  Radiation  Heat  Transfer 

Once  the  nodal  network  has  been  established  to  model  the  heat  conduction 
in  the  nozzle  components,  the  convective  and  radiative  heat  transfer  into 
all  nozzle  surface  nodes  must  be  specified.  For  convection,  the  surface 
node  thermal  resistance  is  given  by  EquaLlon  (7). 
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When  the  convective  heat  transfer  into  the  ith  node  is  expressed  in  terms 
of  a  temperature  difference, then; 


conv 


=  h, .  A, .  (T.  -  T.) 
ij  Ij  J  i 


However,  when  an  enthalpy  driving  potential  is  used,  a  more  convenient 
method  is  to  employ  the  heat  source  term,  .  In  this  case; 


conv 


=  Q. 


«i> 


ij 


This  expression  is  compatible  with  the  result  of  Section  4,7  since 


Q 

conv 

^conv  ^ij 

=  heating  rate,  Btu/sec 

'h_\ 

S  ■■ 

'  tj 

= 

(P“), 

=  overall  convective  coefficient,  Ibm/ in'^  sec 

It 

H 

r 

=  local  rec-very  enthalpy,  Btu/lbm 

H.  = 

1 

H 

w 

=  local  wall  enthalpy,  Btu/lbm 

A.  . 

IJ 

-  area  of  ith  surface  convection  node,  in'^ 

The  term  is  dependent  upon  Tj;,  the  chamber  pressure,  and  the  location 
of  the  surface  node  on  the  nozzle  contour.  These  dependencies  arise  from 
the  following  considerations; 


(a)  is  a  function  of  T^  and  the  local 
pressure . 

(b)  Hj.  =  Hj  is  a  function  of  the  location  of  the 
surface  node. 


(c)  (pu)„  =  P^,  g/C*  k]^ ,  where  the  kj^  factor  depends 

primarily  upon  the  local  area  ratio.  The  local 
value  of  k^  is  determined  from  the  analysis  of 
Subsection  4.4. 


(d) 


^  1 

Lc 

j-0,2 

1  -  Kj  ( 

P 

*  c  1 

1-0.1 

and  k3  are  obtained  from 
Section  4.8. 


where  the  values  of  k., 
the  analysis  of 
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The  information  required  to  compute  the  Q^'s  is  input  to  the  program  in 
tabular  form  for  interpolation  as  the  calculation  of  the  T^'s  proceeds. 
Note  that  the  result  for  Ch  does  not  include  the  effects  of  mass  injection 
into  the  boundary  layer. 


For  radiation  the  thermal  resistance  is  given  by  Equation  (8) .  There  may 
be  more  than  one  radiation  resistance  to  the  ith  surface  node.  For  the 
particle  cloud  radiation: 


Ggy  =  overall  cloud  emissivity  obtained  from  the 
analysis  of  Section  4.6 


A.  . 
ij 


area  of  the  ith  surface  node  exposed  to  radiation 
(usually  the  same  as  that  for  convection),  in^ 


F..  =  1.0 

i-J 

T.  =  local  static  temperature  of  the  particle  cloud,  °F 


For  intersurface  radiation,  the  factors  and  F^j  are  determined  using 
the  techniques  referenced  in  Section  4.6.  The  value  of  Tj  is  the  temper¬ 
ature  of  the  jth  surface  node  radiating  to  the  ith  surface  node.  The 
major  variation,  which  must  be  included  in  the  radiation  resistance  calcu¬ 
lation,  is  that  of  the  emissivity  with  the  presence  or  absence  of  a  surface 
deposit  on  the  1th  node. 

(3)  Surface  Deposit  Flow 

When  the  analysis  of  Section  4.5  indicates  the  need,  the  effects  of  surface 
deposits  should  be  included  in  the  nozzle  thermochemical  response  calcula¬ 
tion.  For  solid  propellant  rockets,  the  deposit  is  usually  composed  of 
metallic  oxides  in  the  liquid  and  solid  phases.  The  deposit  will  provide 
corrosion  protection  and  significant  thermal  insulation  for  the  surface. 

A  discussion  of  the  physical  and  analytical  modeling  of  the  deposit  behavior 
is  contained  in  Section  2.5  of  References  2  and  4.  To  date,  efforts  to 
solve  the  mathematical  formulation  by  explicit  finite  difference  methods 
(in  conjunction  with  the  conduction  solution)  have  not  been  successful. 

The  current  technique  of  including  a  deposit  on  the  nozzle  surface  in  the 
solution  of  the  conduction  equation  consists  of: 

(a)  Specifying  as  input  the  time-dependent  deposit 
thickness  on  each  of  the  surface  nodes  of  the 
conduction  network. 


(b)  Keying  the  removal  of  the  deposit  to  the  attain¬ 
ment  of  the  deposit  melting  point. 


(c)  Assuming  no  surface  corrosion  and  using  corre¬ 
sponding  wall  enthalpy  data  while  the  deposit 
is  present, 

(d)  Neglecting  the  heat  capacity  of  the  deposit 
nodes  with  respect  to  the  capacity  of  the 
surface  nodes. 

The  specific  assumptions  employed  in  Items  (a),  (b)  and  (c)  should  be 
based  on  experience  with  deposition  behavior  (see  Section  3.5).  Item  (d) 
is  justified  by  the  fact  that  the  deposit  is  relatively  thin  and  that  the 
thermal  diffusivity  is  an  order  of  magnitude  less  for  the  deposit  than  for 
nozzle  heat  sink  materials.  Thus,  the  insulating  capability  of  the  deposit 
is  relatively  more  important  that  its  heat  absorbing  capability. 

The  thermal  resistance  between  the  deposit  node  and  the  nozzle  surface  node 


k  A  ^  ’ 

dep  i 

Where: 

6  =  deposit  thickness  for  the  surface  node  in 

^  question,  inch 

k  =  therma.  conductivity  of  the  deposit, 

Btu/(in  sec°F) 

A.  =  area  of  the  ith  surface  node  covered  by  the 

i  2  ^ 

deposit,  in 

Currently,  the  required  thermal  property  data  for  metallic  oxide  deposits 
is  scarce.  As  reported  in  Reference  2  the  best  available  estimates  for 
the  thermal  conductivities  are: 


“^Al^O^  =  0.60  X  lO*'^  Btu/(in  sec°F) 


kg^Q  =  1.85  X  10  Btu/(in  sec“F) 


(4)  Internal  Ablation  of  Insulators 

In  analyzing  nozzle  designs  which  employ  reinforced  plastic  insulation 
materials,  the  effects  of  the  internal  ablation  of  such  materials  should 
be  included  in  the  conduction  solution.  Additionally,  large  motors  may 
employ  only  ablative  materials.  The  physical  model  of  the  ablation  pro¬ 
cess  and  the  corresponding  mathematical  model  are  reviewed  in  Reference  15. 
A  summary  of  the  discussion  is  presented  in  Reference  3. 

In  analyzing  the  ablation  process  in  conjunction  with  the  solution  of  the 
conduction  problem,  nodes  are  established  for  the  sacrificial  materials  as 
well  as  the  heat  sink  materials.  As  the  ablative  nodes  are  heated,  the 
density  and  thermal  properties  of  the  nodes  are  modified  to  account  for 
the  pyrolysis  of  the  plastic.  The  rate  law  is  of  the  form: 


APi 
where : 
APi 
A0 

Pv 

Pc 

A 


-A0(p„  -  Pj.) 


1 

\ 

c 

1 

Q- 

E 

R(Tj^  +  460) 

3 

change  in  density  of  the  1th  ablative  node,  Ibm/in 
time  increment,  sec 

3 

density  of  the  virgin  insulation,  Ibm/in 
density  of  the  fully  charred  insulation 
pyrolysis  rate  constant,  1/sec 

3 

density  of  the  1th  ablative  node  at  time  0,  Ibm/in 


E  =  activation  energy,  Btu/lbm-mole 

n  =  degree  of  reaction 

R  =  universal  gas  constant,  Btu/lbm-mole°R 

T^  =  temperature  of  the  ith  ablative  node  at  time  0,  "F 


The  pyrolysis  gas  from  the  resin  decomposition  is  presumed  to  flow  parallel 
to  the  temperature  gradient.  The  flow  rate  of  pyrolysis  gas  is  calculated 
by  summing  the  mass  loss  of  resin  from  all  the  nodes  in  a  line  parallel  to 


-125- 


the  gas  flow  direction.  The  heat  absorbed  by  the  resin  decomposition  and 
percolation  of  the  pyrolysis  gas  through  the  char  is  accounted  for  in  an 
internal  heat  sink  term  for  each  ablative  node.  Chemical  interactions 
between  the  percolating  gases  and  the  char  can  be  accounted  for  by  assuming 
that  thermochemical  equilibrium  pertains.  The  temperature  dependence  of 
the  pyrolysis  gas,  char  and  virgin  material  properties  are  input  when  they 
are  known. 


(5)  Corrosion 


From  the  results  of  Section  4.7,  the  corrosion  parameter  for  the  nozzle 
surface  materials  will  be  known  as  a  function  of  location,  pressure  and 
temperature.  This  information  is  in  the  form  of  a  B  ^alue  which  is  employed 
in  the  solution  of  the  conduction  problem.  For  the  surface  nodes; 


Where: 

r^  =  surface  regression  rate  of  the  ith  surface  node,  in/sec 

=  corrosion  parameter  for  the  ith  surface  node  (temperature 
and  time  dependent) 

3 

=  density  of  the  ith  surface  node,  Ibm/in 


More  than  one  table  of  B  versus  temperature  may  be  required  for  a  particular 
material  if  it  is  exposed  to  widely  different  pressures.  For  each  B  value 
table,  a  corresponding  table  of  wall  enthalpy  versus  temperature  values  is 
used  to  ..elude  the  enthalpy  absorbed  (or  released)  by  the  corrosion 
reactions . 


Currently,  the  effect  of  surface  regression  upon  the  volume  of  the  surface 
nodes  is  not  included  in  the  conduction  solution.  This  practice  is  employed 
to  avoid  the  difficulties  of  reformulating  the  conduction  network  during 
the  course  of  the  solution  of  the  conduction  problem.  When  the  magnitude 
of  the  total  surface  regression  becomes  large  relative  to  the  depth  of  the 
surface  nodes,  this  practice  should  be  modified. 

(6)  Boundary  Layer  Mass  Addition 

As  discussed  in  Section  4.8,  there  are  several  correction  factors  which 
may  be  applied  to  the  bound'^ry  layer  transfer  coefficients  to  account  for 
the  blocking  effects  of  local  mass  injection.  Currently,  Che  selected 
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correction  factor  (see  Section  4.8)  is  applied  in  the  conduction  solution 
as  follows: 


k-  (P^) 


-0.2 


1  -  kl  (P  ) 
J  c 


•0.1 


k' 


0.8 


\hl  ®tl^ 


-  1 


m. 


\i=  ^^-ri - 

C*  ‘^l  ^i 


The  primed  quantities  are  those  corrected  for  the  mass  addition  effect. 

The  subscript  i  refers  to  the  ith  surface  node.  In  addition  to  the  symbols 
previously  defined: 


=  total  B  value  for  the  ith  surface  node 


+ 

m. 

I 


total  flow  rate  of  pyrolysis  gas  leaving  the  ith  surface  node, 
Ibm/  sec 


The  corrected  convective  heat  transfer  coefficient  is  used  in  calculating 
both  the  convective  heat  source  strength  (or  convective  resistance)  and  the 
corrosion  of  the  surface  nodes. 

(7)  Motor  Internal  Ballistics 

The  primary  reason  for  including  the  claculation  of  the  internal  ballistics 
in  the  conduction  solution  is  to  account  for  chamber  pressure  effects  upon 
the  nozzle  convective  heat  transfer  and  surface  corrosion.  Where  desirable, 
the  calculation  of  the  rocket  thrust  and  specific  impulse  may  be  included. 

The  chamber  pressure  (Pc)  is  involved  in  the  convective  heat  transfer  and 
surface  corrosion  rate  in  two  ways.  These  are  the  local  mass  flux. 


and  the  Stanton  number, 


^2  (P,) 


-0.2 


^  1  -  k3 


Due  to  the  nature  of  solid  propellants,  the  chamber  pressure  history  is 
closely  related  to  the  nozzle  throat  area  history.  The  throat  area  may 
vary  as  a  result  of  oxide  deposition  and/or  surface  corrosion.  Neglecting 
erosive  burning  effects,  the  standard  expression  for  the  chamber  pressure 
is. 


8  A  I 


1  -  n 


where : 

P, 


=  density  of  solid  propellant 


a  =  propellant  burn  rate  coefficient 

C*  =  propellant  characteristic  exhaust  velocity 

g  =  acceleration  due  gravity 

=  burning  area  of  the  propellant  grain 

=  nozzle  throat  area 

n  =  propellant  burn  rate  exponent 

The  values  of  Pp,  a,  n,  C*  are  assumed  constant  while  the  data  for  Ab,  as 
a  function  of  the  propellant  grain  web  consumed,  is  input  to  the  problem 
in  tabular  form.  This  tabular  data  is  derived  from  the  geometry  of  the 
grain  design.  The  web  consumed  is  found  from  the  expression. 


w  (0  +  Ae) 

c 


W  (6)  +  A0a  (P  )‘ 
c  c 


where : 
W 


propellant  grain  web  consumed 
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The  value  of  Pc  used  in  this  expression  is  that  calculated  at  time  6.  The 
throat  area  is  calculated  from  the  diameter. 

For  the  case  of  deposit  present  at  the  throat, 

Ii,<e  +  AS)  -  D^(9  -  e^)  - 

or,  in  the  case  of  surface  corrosion  at  the  throat, 

D^(9  +  AS)  =  Dj.(0)  +  2A0r^ 

Here  the  symbols  are  defined  as: 

Dj.(0)  *  nozzle  throat  diameter 

6.  =  deposit  thickness  at  the  throat 

depj. 

0^  =  time  when  the  deposit  appears 

r^  =  surface  corrosion  rate  at  the  throat 


In  cases  where  circumferential  nonuniformities  have  been  included  at  the 
throat,  these  effects  must  be  averaged. 

In  some  cases  the  throat  area  changes  will  be  of  sufficient  magnitude  to 
introduce  large  variations  in  the  nozzle  expansion  ratio.  The  effect  of 
the  change  in  expansion  ratio  on  the  nozzle  thrust  coefficient  may  be  cal¬ 
culated  independently  after  the  entire  chamber  pressure,  throat  area,  and 
exit  area  histories  are  obtained  from  the  conduction  solution.  This  cal¬ 
culation  may  also  be  included  in  the  conduction  solution  itself.  In  gen¬ 
eral,  it  is  more  practical  to  employ  the  former  alternative  since  the 
calculation  of  the  thrust  coefficient  from  the  expansion  ratio,  ambient 
pressure,  and  exhaust  isentropic  exponent  (7)  usually  requires  iteration. 

b.  Future  Improvements 

The  techniques  and  models  currently  included  in  the  thermal  analyzer  com¬ 
puter  program  described  above  could  be  improved  in  two  important  areas. 
These  are; 

(1)  Inclusion  of  a  mathematic  formulation  of  the 
surface  deposit  flow  to  be  solved  by  a  finite 
difference  technique, 

(2)  Development  and  inclusion  of  a  mathematic  model 
of  the  mechanical  surface  erosion  phenomena  of 
Importance  in  rocket  nozzles. 


The  fundamental  difficulty  which  has  precluded  solving  the  mathematical 
model  of  the  flow  of  deposit  along  the  nozzle  surface  is  the  derivation 
of  a  stable  finite  difference  technique  for  the  governing  equations.  As 
described  in  Section  2.5  of  Reference  4,  an  explicit  finite  difference 
technique,  programmed  in  conjunction  with  a  conduction  network,  failed  to 
yield  a  stable  solution.  The  stability  criteria  derived  for  this  and  other 
explicit  techniques  are  quite  complex  and  are  unlikely  to  be  compatible 
with  the  stability  criterion  for  the  conduction  solution.  Any  reductions 
in  the  time  increment  size  may  drastically  increase  the  machine  computational 
time  and  cost  for  a  given  problem.  A  reasonable  alternative,  to  bypass 
the  stability  difficulty,  is  to  employ  an  implicit  finite  difference  tech¬ 
nique  in  solving  the  deposit  flow  equations.  While  this  approach  involves 
more  computation,  it  is  usually  absolutely  stable  with  respect  to  error 
propagation. 

In  addition  to  the  programming  of  deposit  flow  equations,  the  mathematical 
formulation  could  be  improved  by  adding  terms  which  have  been  neglected 
for  the  present  but  which  are  potentially  important.  A  major  shortcoming 
in  the  overall  deposit  analysis  is  the  lack  of  property  data  for  typical 
deposit  materials  (AI2O3  and  BeO) .  This  data  would  best  be  obtained  from 
laboratory  testing  and  would  include: 

(1)  Thermal  conductivity  of  the  liquid  and  solid 
phases  and  variation  with  temperature, 

(2)  Specific  heat  of  the  liquid  phase, 

(3)  Dynamic  viscosity  of  the  liquid  phase. 

The  bast  approach  to  including  mechanical  surface  erosion  is  not  clear. 

The  erosion  process  will  be  transient  at  best  and  may  be  discontinuous. 

While  an  overly  sophisticated  erosion  model  is  not  desirable,  some  rela¬ 
tively  simple  formulation  of  the  phenomena  would  be  useful  in  correlating 
future  test  data.  The  following  expression  is  the  most  primitive  which 
can  be  formulated: 

m  ,  m  N 

erosion  s  s 

Here  the  symbols  are  defined  as; 

mass  loss  rate  of  wall  materials  due  to  erosion, 

Ibm/in^  sec 

average  mass  of  wall  material  involved  at  a  site  of 
mechanical  failure,  Ibm/site 

rate  of  appearance  at  the  surface  of  sites  of  mechanical 
failure,  sites/in‘  sec 


m 


erosion 
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Physical  models  of  mechanical  erosion  phenomena  would  then  provide  the 
dependencies  of  mg  and  Ng  upon: 

(1)  The  nature  of  the  material  at  the  surface, 

(2)  The  surface  stress  and  mode  of  stress  relief 
at  the  surface, 

(3)  Particle  Impact  energies, 

(4)  Gas  shear  stress  level, 

(5)  Chemical  corrosion  of  the  surface. 

Such  a  formulation  could  be  expanded  as  appropriate  subscale  test  data 
became  available.  Without  even  as  simple  as  expression  as  the  above,  the 
proper  definition  of  a  subscale  test  program  to  investigate  the  mechanical 
erosion  effects  would  be  unlikely  to  succeed. 

4.10  STURCTURAL  ANALYSIS 

The  final  analytical  step  is  the  performance  of  structural  malyses  to 
determine  thermo-mechanical  stability  of  the  given  nozzle  design.  The 
structural  analysts  includes  the  estimation  of  stresses  induced  In  the 
nozzle  components  due  to; 

(1)  Pressure  loads, 

(2)  Pyrolysis  gas  venting, 

(J)  Thermal  expansion, 

(4)  Rotational  and  axial  acceleration. 

Predictions  of  component  failure  or  satisfactory  performance  are  then  made 
in  terms  of: 

(1)  Comparison  of  calculated  stress  levels  with 
materials  capacity  at  elevated  temperatures, 

(2)  Excessive  component  deformation, 

(3)  Potential  for  chamber  gas  leakage  due  to 
excessive  component  mechanical  or  thermal 
damage . 
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The  information  required  from  the  nozzle  thermochemical  response  calculation 
is : 

(1)  The  thermal  history  of  the  nozzle  components, 

(2)  The  expected  pyrolysis  off-gassing  rate  for 
sacrificial  materials, 

(3)  Char  depths  in  sacrificial  components, 

(4)  Motor  chamber  pressure  trace, 

(5)  Contour  f.orrosion/eros j on  history, 
a.  Technical  Approach 

The  two  basic  kjulretnei'.cs  of  structural  analysis  are  to  insure  that  the 
motor  functions  as  a  pressure  vessel  and  that  the  integrity  of  the  internal 
contour  forming  materials  is  maintained.  Without  a  reasonably  accurate 
characterization  cf  the  nature  of  the  actions  ot  the  exhaust  on  the  motor/ 
nozzle  materials  and  their  thermal  response,  tne  value  of  structural  anal¬ 
ysis  is  severely  limited.  In  th..s  program,  emphasis  l.as  not  been  placed 
on  the  development  of  any  new  techniques  for  structural  analysis.  However, 
there  are  a  number  ot  specific  aspects  of  the  nozzle  performance  problem 
whicii  inter’-elate  wlch  the  structural  problem  and  which  should  be  emphasized. 

Nozzle  cemponent  thermal  shock  feilurss  are  frequently  a  matter  of  some 
concern.  It  should  be  noted  that  the  heat  transfer  '’oefficient  during 
the  first  lew  seconds  of  the  firing  must  be  known  to  evaluate  thermal 
shock  stresses.  The  motor  pressure,  combustion  efficiency,  i~pingjment , 
pyrolysis  gas  injection,  deposit  flow  and  surface  cei.iperatuie  transient 
effects  make  this  determin..Ci(  n  nearly  impossible.  It  is  not  obvious  that 
there  is  any  reasonable  substitute  for  direct  testing  experience  in  cases 
whore  thermal  shock  is  anticipated.  The  encouragement  of  high  initial 
insulation  pyrolysis  rates  or  oxide  deposit  insulation  could  probably  be 
exploited  to  lessen  the  possibility  o>  theiT'al  shock  da.ma§e . 

During  the  initial  nozzle  temperature  transient,  it  is  possible  that  th° 
compressive  stre.sses  along  the  nozzle  contour  may  excede  ultimate  values 
while  the  material  is  still  elastic.  Both  the  radiai  temperature  gradient 
and  axial  tlieraal  expansion  and  pressure  loading  can  contribute  to  the 
build  up  of  the  su^^face  compre.ssive  loads.  Hie  relief  mechanism  could  be 
surface  .spallation  rather  than  a  censile  failure  at  tne  cold  surface  of  the 
component.  Tolycrystall  ine  grapliiter  in  nozzle  er.trance  sections  may  suffer 
surface  spaiintion  before  suriace  or  .subsurface  temperatures  reach  the 
elastic-plastic  t  ran.s format icn  tempcr.aturo  (in  the  range  of  4000-4500  F). 

The  resultirg  surf-u.’  roughne.ss  will  promote  higher  local  heat  transfer 
and  corrosion.  These  effects  will  be  propagated  downstream  due  to  Che 


destruction  of  the  boundary  layer  or  increased  boundary  layer  turbulence. 

Some  smoothing  of  the  surface  should  occur  over  the  remainder  of  the 
firing,  obscuring  the  initial  character  of  the  surface  failure.  Oxide 
deposition  protection  could  oe  very  effective  in  preventing  such  failures. 

The  performance  of  nozzle  materials  at  high  surface  temperatures  may  be 
primarily  determined  by  corrosion  in  a  sound  structural  design.  To  achieve 
this,  the  surface  stresses  and  material  temperatures  must  be  controlled 
such  that  plastic  deformation,  nhysical  erosion  and  surface  spallation  do 
not  become  dominant.  Plastic  deformation  of  edge  oriented  pyrolytic  graph¬ 
ite  can  be  controlled  to  some  extent  by  providing  free  axial  thermal  expan¬ 
sion  and  limiting  surface  temperatures  to  the  range  of  5200-5500°F.  Plastic 
deformation  of  pyrolytic  graphite  may  actually  be  of  little  consequence 
unless  it  is  directly  related  to  surface  spallation.  The  surface  roughness 
associated  with  nodule  spallation  is  regarded  as  being  very  serious.  The 
precise  cause  of  nodule  spallation  is  not  well  understood  but  it  probably 
involves  nodule  boundary  corrosion  and  stress  concentrations  as  well  as 
surface  compressive  loading.  While  the  removal  of  surface  nodules  may  be 
effective  in  relieving  the  stresses,  the  ensuing,  roughness  augments  both 
the  heat  transfer  and  corrosion.  Thus,  this  process  could  be  regenerative. 

The  porous  polycrystalline  graphites  are  more  likely  to  suffer  granular 
surface  erosion  at  high  temperatures.  This  process  may  be  accelerated  by 
chemical  attack  of  intergranular  bonds  which  may  have  a  partially  amorphous 
habit.  While  surface  roughness  may  be  limited  to  the  dimension  of  the  grains 
or  pores,  it  is  currently  thought  that  such  roughness  is  sufficient  to 
markedly  increase  convective  heating,  surface  shear  and  corrosion  in  nozzle 
inlets  and  throats.  This  would  especially  apply  to  relatively  small  nozzles. 
Evidently  then,  structural  design  should  consider  the  specification  of  mater¬ 
ials  which  develop  sufficiently  low  characteristic  roughne.ss  values  and/or 
high  resistance  to  physical  erosion. 

Plastic  deformation  of  tungsten  is  ?  more  straight  forward  problem  of 
temperature  and  stress.  Because  of  the  corrosion  and  spallation  resistance 
normally  attributed  to  dense  tungsten,  it  is  frequently  expected  to  survive 
at  much  higher  temperatures  than  the  graphites.  Under  such  exposure, 
tungsten  can  plastically  deform,  both  during  and  aft^r  the  test.  Thin 
tungsten  inserts  can  be  extruded  during  the  test  and,  otherwise,  are  likely 
to  undergo  contraction  during  motor  cool  down.  Relatively  thick  inserts 
will  undergo  deformation  primarily  during  the  firing  period.  Physical 
erosion  of  dense  tungsten  is  not  likely  to  occur  unless  extensive  grain 
boundary  attack  occurs  or  the  low  melting  carbon,  beryllium  or  aluminum 
alloys  should  form.  Power  metallurgy  tungsten  materials  probably  erode  in 
a  manner  analagous  to  that  of  the  polycrystalline  graphites. 
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Flight  weight  motor  cases  and  insulation  are  normally  limited  to  a  maximum 
pressure  and  maximum  heating  period.  It  is  important  to  consider  the  effects 
of  throat  area  reduction  due  to  oxide  deposition.  It  may  be  necessary  to 
manipulate  the  grain  design  to  insure  that  deposition  does  not  augment 
nominal  peak  pressure  values.  The  motor  burnout  time  is  also  dependent  on 
deposition  as  well  as  other  factors. 

Reference  15  may  be  consulted  for  a  r'^view  of  noxzle  structural  analysis 
techniques.  More  recent  developments  can  be  found  in  the  literature. 

Many  of  these  stem  from  the  application  of  graphite  and  ablative  materials 
in  re-entry  applications. 

4.11  APPLICATION  OF  THE  METHOD  TO  OTHER  SYSTEMS 

The  essense  of  the  nozzle  design  analysis  method,  as  represented  in  Figure  1, 
Is  the  systematic  consideration  of  the  major  thermo-physical  parameters 
which  determine  nozzle  performance.  New  emphasis  has  been  placed  on  the 
solid  propellant  combustion  process,  the  exhaust  flow  field  mechanics, 
condensed  phase  behavior,  boundary  layer  processes  and  materials  surface 
mechanics.  The  overall  nozzle  design  and  performance  analysis  method  can 
be  extended  to  other  cnemical  propulsion  systems  if  appropriate  revisions 
are  made  in  the  analytical  mechanics.  This  should  be  preceded  by  a  semi- 
qualitative  evaluation  of  the  nature  of  the  combustion,  fluid  mechanics 
and  surface  mechanics  phenomena  in  each  new  system. 

The  propellant  combustion  process  directly  influences  nozzle  and  insulation 
materials  performance  through  the  corrosivity,  energy  level  and  condensed 
phase  content  of  the  exhaust.  Metalized  solid  propellants  are  hardly 
unique  in  ‘'he  sense  that  the  combustion  process  is  transient.  The  combus¬ 
tion  mech  nics  of  fuel  rich,  hydride,  and  uncured  propellants  should  be 
more  complex  than  the  ordinary  beryllium  and  aluminum  systems.  The  intro¬ 
duction  of  new  binder  and  oxidizer  systems  will  also  alter  the  combustion 
mechanics.  The  hybrid,  liquid,  slurry,  dual  chamber  and  air  augmentation 
systems  introduce  additional  complexity  in  the  mixing  of  the  fuel  and  oxi¬ 
dizer  before  complete  combustion  is  achieved.  Although  extensive  combus¬ 
tion  research  has  beer,  conducted,  it  is  not  apparent  whether  the  results 
can  be  used  directly  in  nozzle  design.  Such  research  would  be  of  major 
immediate  interest  in  the  evaluation  of  actual  motor/nozzle  materials 
performance . 

Multi-phase  combustion  chamber  flow  field  mechanics  are  probably  most  com¬ 
plex  in  the  air  augmentation,  dual  chamber  and  pulse  motor  systems.  Tlie 
use  of  submerged  nozzles,  plug  nozzles,  and  complex  grain  designs  in  any 
propulsion  system  will  imagnify  the  problem,  even  for  a  single  phase  exhaust. 
Maximum  materials  performance  will  correspond  to  the  development  and  main¬ 
tenance  of  a  stable  fluid  boundary  layer  along  the  motor/nozzle  contour. 

The  introduction  of  free  stream  turbulence,  flow  stagnation  and  flow 
separation  at  or  near  the  wall  can  destroy  or  reduce  the  boundary  layer 
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shielding  effect.  Locally,  the  wall  will  see  major  increases  in  gas  shear, 
heat  transfer,  corrosion  and  particle  impingement.  Regardless  of  the 
propulsion  system,  such  action  must  be  anticipated.  Underestimation  of 
the  exhaust  flow  Interaction  with  the  motor/nozzle  contour  is  potentionally 
the  most  probable  indirect  cause  of  system  failure. 

The  consideration  of  cooled  nozzles  introduces  the  requirement  to  supplement 
the  heat  transfer  analysis  portion  of  the  model.  Relatively  unique  analyses 
are  required  to  handle  regenerative,  transpiration,  film,  liquid  metal  and 
radiation  cooling.  The  cooling  should  be  handled  in  a  parametric  manner  to 
oe  compatible  with  the  passive  heat  sink  analysis.  The  coupling  of  all  the 
thermochemical  responses  will  probably  be  more  critical  in  analyzing  cooled 
nozzle  designs  (see  for  example  Reference  28). 

The  consideration  of  plug  nozzle  designs  introduces  a  relatively  unusual 
slag  problem.  If  deposits  reach  the  annular  threat  section,  they  may  pref¬ 
erentially  adhere  to  either  the  plug  or  the  outer  body.  Part  of  the 
annulus  could  also  be  sealed  off.  It  will  probably  require  extensive  ther¬ 
mal  instrumentation  and  ballistic  analysis  to  interpret  the  deposit 
behavior.  Plug  support  struts  will  be  subject  to  unusual  particle  impinge¬ 
ment  and  deposition.  Free  stream  turbulence  associated  with  the  struts  may 
also  influence  the  nozzle  boundary  layer  stability. 

The  introduction  or  consideration  of  new  propellant  systems  necessitates 
additional  consideration  of  surface  mechanics.  The  corrosivity  of  new 
ga-^eous  and  condensed  species  should  be  established.  Preferential  grain 
boundary  attack,  surface  embrittlement  and  alloying  should  be  considered 
in  general.  Specific  chemical  reactions  and  the  associated  energy  release 
(or  absorption)  should  be  determined.  In  all  propulsion  systems,  greater 
emphasis  should  be  placed  or.  understanding  surface  roughness  and  physical 
property  effects. 

Emphasis  has  been  placed  on  the  need  to  associate  a  degree  of  approximation 
with  each  analytical  technique  employed  within  the  overall  model.  Aside 
from  the  sheer  complexity  of  the  nozzle  performance  analysis  problem, 
there  are  two  other  major  limitations  inherrant  in  the  method.  One  is  the 
designers  ability  to  recognize  all  of  the  important  thermal,  chemical  and 
physical  features  of  the  nozzle  problem.  Normally,  the  designer  will  also 
be  required  to  correctly  determine  which  of  these  can  limit  materials  and 
system  performance.  The  second  major  limitation  is  the  usual  lack  of 
sufficient  materials  property  data.  Evidently  there  is  a  real  need  to 
improve  the  balance  among  (1)  actual  design  practices,  (2)  the  development 
of  advanced  analytical  techniques,  and  (3)  improved  characterization  of 
material  properties. 
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SECTION  V  (C) 

CONCLUSIONS 


The  present  investigation  of  erosion  and  corrosion  of  nozzles  exposed  to 
beryllium  solid  propella..t  exhausts  has  led  to  general  conclusions  which 
anply  to  metalized  solid  propellants  and  to  conclusions  which  apply 
specifically  to  beryllium  propellants.  Those  are  summarized  in  outline 
form  below.  More  detailed  conclusions  have  prevously  been  presented  at 
the  end  of  Sections  II  through  V  in  References  1  through  4.  Many  of  those 
earlier  conclusions  have  been  incorporated  in  the  discussions  given  in  the 
preceding  sections  of  this  report. 

I.  DESIGN  TECHNOLOGY  REQUIREMENTS 

Ultimately,  motor  insulation  and  nozzle  materials  must  effectively  shield 
the  motor  superstructure  from  the  actions  of  the  exhaust  to  the  extent  that 
overall  structural  integrity  is  maintained.  Then,  the  functional  inner 
contour  must  be  stable  to  the  extent  that  the  efficiency  of  the  energy 
conversion  device  is  maintained  within  acceptable  limits.  Motor  insulation 
and  nozzle  materials  are  inherently  limited  in  their  ability  to  successfully 
resist  the  thermal,  chemical  and  physical  actions  of  the  rocket  exhaust  at 
their  exposed  surfaces.  The  specific  response  of  the  material  is  determined 
by  the  nature  of  the  propellant  system  and  the  motor  configuration  as  well 
as  the  inherent  capacity  of  the  materials.  That  is,  the  degree  of  the 
actions  of  the  exhaust  on  the  materials  and  the  degree  of  their  response 
depends  both  on  the  design  and  the  material. 

An  adequate  design  technology  must  be  capable  of  predicting  the  contour 
surface  recession,  nozzle  component  thermal  response  and  nozzle  component 
structural  response.  To  be  successful,  the  design  technology  should  be 
oased  on  a  detailed  understanding  of  the  mechanics  and  dynamics  of  the 
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exhaust/  materials  interactions.  The  present  program  has  contributed  to 
the  improvement  of  this  understanding.  Considerably  more  progress  is 
required  before  the  design  procedures  can  be  divorced  from  the  trial  and 
error  method  or  effectively  automated.  Consequently,  the  state-of-the-art 
design  technology  must  also  be  capable  of  inverse  application  to  interpret 
the  results  of  actual  motor  firings. 

II.  MOTOR  MATERIALS  PERFORMANCE 

1.  The  design  technology  developed  for  use  with  low  and  medium  energy 
aluminum  propellants  will  not  be  equally  successful  with  high  energy 
aluminum  or  any  of  the  beryllium  propellants.  The  older  design 
technology  fails  in  that  it  tends  to  underestimate  boundary  layer 
convective  heat  and  mass  transfer  (reactive  species)  while  normally 
neglecting  combustion  efficiency,  exhaust  flow  field  and  oxide 
deposition  effects. 

2.  The  failure  of  motor  insulation  and  nozzle  materials  to  meet  the 
performance  expectations  set  for  similar  aluminum  systems  is  due 
primarily  to  the  appearance  of  poor  metal  combustion  as  a  dominant 
issue  and  secondarily  to  inadequate  design  and  fundamental  differences 
in  the  nature  of  the  aluminum  and  beryllium  exhausts. 

3.  Good  materials  performance  depends  on  complete  propellant  combustion 
or  extensive  oxide  deposition  protection  against  poor  combustion. 

Poor  materials  and  ballistic  performance  are  closely  related  to 
inadequate  motor  design  and/or  poor  choice  of  propellant. 

III.  METAL  COMBUSTION  EFFICIENCY 

1.  The  ignition  and  combustion  of  metal  additives  occurs  as  the  metal 
particles  are  carried  along  by  the  exhaust  products  of  the  other 
propellant  ingredients  and  at  some  distance  from  the  grain  surface. 

The  times  required  to  essentially  complete  metal  combustion  are  much 
greater  than  the  times  required  to  combust  the  other  propellant 
ingredients  and  may  exceed  available  residence  times  in  the  motor. 

2.  A  potentially  major  cause  of  poor  metal  combustion  is  the  agglomeration 
of  the  original  metal  particles  while  they  reside  at  the  grain  surface. 
Based  on  the  differences  in  melting  points,  aluminum  will  agglomerate 
more  readily  than  beryllium,  other  factors  being  equal.  Collisions 
between  molten  particles  should  result  in  larger  spherical  particles 
unless  a  solid  oxide  skin  is  developed.  Partially  molten  particles 
may  stick  together  to  form  aggregates.  Such  aggregates  should  even¬ 
tually  complete  melting  and  draw  into  a  spherical  shape.  Evidently, 
whether  or  not  the  particles  melt  depends  at  least  on  chamber  pressure 
(flame  standoff  distance) ,  the  flame  temperature  (without  metal 
combustion),  the  mobility  of  the  particles  at  the  grain  surface,  the 
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the  size  of  the  oxidizer  particles  and  e  forces  acting  to  remove  the 
particle  from  the  grain  surface.  Many  of  these  factors  will  also  tend 
to  determine  the  propellant  burn  rate. 

3.  It  is  speculated  that  the  metal  particles  will  not  be  ■ emoved  from  the 
grain  surface  until  they  conduct  enough  heat  to  the  underlying  or 
surrounding  binder  to  cause  rapid  decomposition.  Sue',  action  should 
produce  enough  gases  to  lift  the  particle  from  the  surface.  However, 

a  motion  parallel  to  the  grain  surface  could  also  result.  In  turn, 
such  motion  will  lead  to  particle  collisions.  Alternately,  the  metal 
particles  may  be  trapped  in  pockets  formed  between  large  oxidizer 
particles. 

4.  Composite  and  double  base  propellants  will  promoce  surface  agglomera¬ 
tion  by  different  mechanisms.  The  large  ammonium  pexchlorate  parti¬ 
cles  usually  used  in  composite  apparently  trap  the  smaller  metal 
particles  in  natural  pockets.  The  resulting  agglomi'rate  sizes  should 
correlate  with  the  oxidizer  particle  size  metal  loading  and  possibly 
type  of  binder.  Double  base  propellants  tend  to  use  oxidizer  particles 
of  the  same  order  of  size  as  the  metal.  They  also  tend  to  develop  a 
"fizz"  layer  or  zone  which  may  inhibit  particle  nobility.  Double  base 
propellants  tend  to  have  higher  fl^me  tvimperatures  than  composite  which 
favors  metal  particle  melting.  Pre-sumably,  the  CMDB  propellants  would 
exhibit  intermediate  behavior.  In  an**  case,  tha  occurrence  and  degree 
of  metal  agglomeration  at  the  grain  surface  will  be  a  measurable 
characteristic  of  the  particular  propellant  and  metal  system. 

5.  Internal  burning  grains  impose  a  shear  load  at  the  grain  surface.  This 
might  increase  agglomeration  relative  to  the  end  burner  case.  However, 
higher  interparticle  colli. ion  forces  could  alter  the  agglomeration 
and  ejection  mechanics  considerably. 

6.  Once  the  metal  particles  are  removed  from  the  grain  surface,  they  will 
continue  to  be  heated  until  the  ignition  temperature  is  reached.  The 
length  of  the  ignition  delay  depends  on  the  local  flame  temperature, 
particle  size,  particle  heat  capacity,  local  exhaust  composition, 
local  exhaust  mass  flux,  and  the  amount  of  surface  oxide  developed. 

Even  though  beryllium  may  ignite  at  1900°K  relative  to  2300°K  for 
aluminum,  ignition  delays  will  be  longer  for  beryllium  particles 
compared  to  aluminum  particles  of  equal  size.  In  some  cases,  beryllium 
particle  ignition  temperatures  may  be  as  high  as  2850°K,  the  melting 
point  of  the  metal  oxide.  Grain  surface  agglomeration  promotes  longer 
ignition  delay  times  by  reducing  the  number  and  increasing  the  size  of 
the  unburned  metal  particles.  These  effects  may  be  partly  offset  by 
melting  the  metal  while  at  the  grain  surface.  In  the  most  extreme 
case,  metal  agglomerates  or  particles  may  not  reach  their  ignition 
temperature  within  the  motor. 
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7.  The  primary  combustion  process  (nonmetallic  ingredients)  must  yield 
temperatures  above  the  ignition  limit.  Apparently,  the  depression  of 
the  beryllium  ignition  point  below  the  oxide  melting  point  is  dependent 
on  the  local  water  vapor  concentration. 

8.  Vaporization  of  the  metal  is  the  key  to  achieving  complete  combustion. 
After  ignition,  rapid  vapor  phase  .combustion  will  occur,  provided  that 
there  is  sufficient  "oxygen"  available  and  that  solid  oxides  do  not 
excessively  restrict  beryllium  vaporization. 

9.  Combustion  of  aluminum  above  2300“K  should  be  very  similar  to  beryllium 
combustion  above  2850°K.  Slower  combustion  of  beryllium  will  occur 
while  particle  temperatures  are  in  the  range  of  1900  to  2850°K.  The 
last  particles  to  bum  will  do  so  more  slowly  than  the  first  simply 
because  of  the  decrease  in  available  oxygen. 

10.  It  would  be  reasonable  to  lower  the  propellant  oxidation  ratio  as 
flame  temperatures  increase  as  long  as  metal  agglomeration  does  net 
also  increase.  High  oxidation  ratios  should  not  be  necessary  when 
agglomeration  does  not  occur. 

11.  Beryllium  and  aluminum  propellants  will  only  exhibit  similar  perform¬ 
ance  characteristics  (motor  materials  and  ballistic)  when  they  achieve 
similar  combustion  characteristics.  The  more  prevalent  case  appears 

to  be  that  the  aluminum  propellant  combustion  is  normally  more  efficient 
than  the  analog  beryllium  propellants  such  as  those  tested  in  this 
program.  It  is  speculated  that  beryllium  propellants  with  minimum 
flame  temperatures  (no  metal  combustion)  above  about  2800°K  will  not 
exhibit  the  combustion  efficiency  problems  attributed  to  the  earlier 
generation  of  propellants.  It  is  also  likely  that  combustion  of  the 
poorer  propellants  can  be  improved  by  appropriate  propellant  tailoring 
or  accommodated  by  proper  motor  design. 

IV.  EFFECTS  OF  POOR  METAL  COMBUSTION 

1.  At  any  point  in  the  exhaust  where  combustion  of  the  metal  particles  is 
not  complete,  the  flame  temperature  will  be  lower,  the  exhaust  gas 
corrosivity  will  be  higher  and  the  particle  sizes  will  be  greater  than 
if  combustion  had  been  completed. 

2.  The  lower  flame  temperature  (or  enthalpy)  will  tend  to  reduce  the 
radiation  and  convection  heat  transfer  to  the  motor  contour  materials. 
From  the  point  of  view  of  the  materials,  this  is  a  beneficial  effect. 
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3.  The  higher  exhaust  corrosivity  will  tend  to  increase  the  corrosive 
attack  rates  of  the  exposed  contour  materials.  The  oxygen  reactions, 
which  do  not  significantly  depend  on  wall  temperature,  will  dominate. 
Corrosion  rates  could  conceivably  be  increased  by  more  than  an  order  of 
magnitude  for  either  beryllium  or  aluminum  propellants. 

4.  Any  increase  in  metal,  oxide  or  metal/oxide  particle  sizes  will  increase 
the  particle  impingement  rates  along  the  flow  turning  sections  of  the 
motor  contour.  Higher  impingement  rates  could  cause  higher  local 
mechanical  erosion.  However,  a  protective  deposit  may  also  form, 
shielding  the  materials  downstream  from  the  corrosive  gases.  Deposits 
will  also  have  the  beneficial  effect  of  insulating  the  contour  mate¬ 
rials,  reducing  the  heat  transfer  even  further.  If  the  deposits  con¬ 
tain  significant  amounts  of  unburned  metal,  they  are  likely  to  melt 

and  flow  faster  than  the  pure  oxide.  The  unbumed  metal  can  poten¬ 
tially  react  with  tungsten,  to  form  low  melting  alloys,  but  will  not 
significantly  harm  carbonaceous  or  graphite  materials. 

5.  Flame  temperature  and  formulation  parameters  are  not  sufficient  bases 
for  comparison  of  beryllium  and  aluminum  propellants.  Degree  of  metal 
combustion  and  condensed  phase  deposition  characteristics  are  also 
required.  Direct  comparison  of  the  two  types  of  propellants  in  other¬ 
wise  identical  motors  will  usually  (but  not  alw.ays)  show  the  aluminum 
propellant  to  be  the  less  severe.  However,  beryllium  propellants  have 
the  greater  potential  through  deposition  protection  with  respect  to 
achieving  high  motor  materials  performance.  Tliis  may  require  some 
sacrifice  of  the  theoretical  performance  advantage  of  the  beryllium 
system. 

6.  Materials  performance  can  be  better  in  a  low  efficiency  beryllium  pro¬ 
pellant  exhaust  than  in  a  high  efficiency  aluminum  system.  It  is  only 
required  that  the  poor  combustion  of  beryllium  lead  to  greater  deposi¬ 
tion  protection  and  lower  heat  transfer  than  in  the  aluminum  system. 

7.  When  equivalent  degrees  of  combustion  are  achieved  with  an  aluminum  and 
beryllium  oropellant,  the  higher  melting  points  of  the  metal  and  Che 
oxide  should  lead  to  higher  materials  performance  in  the  beryllium 
system,  provided  only  that  deposition  protection  actually  occurs. 

8.  Without  any  deposition  protection,  aluminum  propellants  should  produce 
the  same  heat  transfer  and  slightly  less  corrosion  (complete  combustion) 
relative  to  the  beryllium  propellants.  When  no  protective  deposits 
form,  an  incompletely  burned  beryllium  exhaust  will  always  be  more 
corrosive  than  Che  aluminum  exhaust. 

9.  In  some  cases,  deposition  protection  effects  may  be  greater  in  the 
aluminum  system  with  the  result  that  comparable  beryllium  exhausts 
will  appear  to  be  more  severe. 
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10.  Incomplete  combustion  of  metal  additives  necessarily  leads  to  signif¬ 
icant  theoretical  C*  and  Isp  efficiency  losses.  The  magnitude  of  the 
losses  is  proportional  to  the  metal  loading.  For  the  propellants 
studied  in  this  program,  the  maximum  losses  ranged  from  20  to  25  percent 
for  10  to  14  percent  beryllium  loadings.  The  two  phase  drag  losses  will 
also  be  Increased  when  large  unburned  particles  are  present  or  exten¬ 
sive  condensed  phase  flow  stratification  occurs. 

11.  High  C*  efficiencies  are  not  a  positive  indication  that  the  motor 
insulation  and  nozzle  inlet  materials  have  not  been  exposed  to  incom¬ 
pletely  burned  exhaust  phases.  The  metal  combustion  efficiency  should 
continuously  increase  with  streamline  flow  distance  from  the  grain 
surface.  Tne  metal  combustion  efficiency  will  also  vary  considerably 
over  a  given  test  period.  Short  chamber  residence  times  at  the  begin¬ 
ning  of  Che  test  and  low  chamber  velocities  at  the  end  of  the  test 
will  tend  to  promote  poor  combustion.  By  averaging  the  ballistic  per¬ 
formance  over  the  entire  test,  clear  indications  of  poor  combustion 
may  be  lost. 

12.  If  poor  combustion  causes  significant  materials  damage  early  in  the 
test,  early  failure  may  occur.  More  commonly,  it  will  only  appear 
that  high  average  erosion  and  heat  transfer  were  experienced.  This 

is  particularly  true  for  aft  closure  insulation  and  nose  cap  or  nozzle 
inlet  sections. 

V.  NOZZLE  HEAT  TRANSFER 

1.  Nozzle  convective  heat  transfer  should  be  treated  as  a  boundary  layer 
phenomenon.  Surface  temperature,  surface  chemical  reactions,  surface 
roughness,  foreign  gas  injection,  exhaust  phase  segregation,  exhaust 
gas  recombination  reactions  and  exhaust  gas  property  effects  should 
all  be  considered  in  the  convection  model. 

2.  Experimental  measurements  of  convective  heat  transfer  will  underestimate 
the  true  convective  coefficient  when  oxide  deposition,  poor  metal  com¬ 
bustion,  nozzle  corrosion,  and  pyrolysis  gas  injection  are  important 

and  are  not  accounted  for.  Short  boundary  layer  development  length, 
surface  roughness,  low  gas  Prandtl  number,  free  stream  turbulence  and 
gas  specie  recombination  effects  will  increase  true  convective  coef¬ 
ficients  above  predictions  which  do  not  involve  these  factors. 

3.  Simplified,  closed  form  convection  analyses  may  either  overestimate  or 
underestimate  convection,  depending  on  the  users  ability  to  Interpret 
the  actual  physical  situation.  An  improved  closed  form  convection 
equation  and  method  of  analysts  have  been  developed  in  this  program. 
Excellent  agreement  has  been  obtained  with  the  motor  test  results. 
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4.  The  convective  heat  transfer  is  strongly  dependent  on  the  propellant 
system,  grain  design,  motor/nozzle  contour,  nozzle  materials  and  nozzle 
contour  roughness.  Changes  in  the  exhaust  flow  field,  degree  of  com- 
buF'ion,  deposition  and  contour  characteristics  with  time  will  be 
reflected  by  the  convection. 

5.  The  convective  heat  transfer  associated  with  beryllium  exhausts  should 
ideally  be  essentially  the  same  as  for  comparable  aluminum  exhaust. 
However,  the  oxide  deposition  insulation  effect  is  likely  to  be  signif¬ 
icantly  different. 

6.  Radiation  heat  transfer  will  be  influenced  by  oxide  deposition  and  poor 
metal  ccaibustion.  Apparently,  beryllia  particle  sizes  in  the  combustion 
chamber  will  not  be  similar  to  alumina  particle  sizes  when  the  specific 
combustion  mechanisms  and  rates  are  different.  'There  may  be  little 
tendency  for  beryllia  particles  to  grow  significantly  in  the  rocket 
exhaust.  No  unusual  beryllia  radiation  effects  have  been  encountered 

in  this  program.  It  is  doubtful  that  small  scale  nozzles  are  exposed 
to  significant  radiation.  It  is  speculated  that  radiation  is  less 
important  in  the  beryllium  system  than  for  aluminum. 

VI.  NOZZLE  CORROSION 

1.  Graphite  nozzle  cor'-''nents  and  insulation  chars  will  be  corroded  when 
they  are  exposed  di  ..ctly  to  reactive  exhaust  species.  Carbon  is  con¬ 
sumed  primarily  via  reactions  with  the  gaseous  e.xhaust  species  which 
available  oxygen  and  hydrogen.  H2O,  CO2  and  K2  are  the  primary 
attacking  species  in  metalized  exhausts.  In  true  double  base  systems, 
some  nitrogen  attack  of  carbon  will  occur.  Graphite  attack  by  O2,  0, 

H,  OH,  Be(OH),  Be(0H)2,  HCl,  etc.  are  strictly  secondary  because  the 
contour  is  never  exposed  to  significant  concentrations  of  these  species. 

2.  Neither  the  metal  or  metal  oxide  species  pose  a  real  threat  to  graphite 
materials,  primarily  because  the  theoretically  indicated  reactions  cannot 
proceed  to  equilibrium  at  significant  rates.  Thi.s  is  due  to  the  forma¬ 
tion  of  carbide  diffusion  barriers.  The  thermal  stability  of  the  car¬ 
bide  lay-,  r  is  pressure  dependent.  Significant  bervllia  attack  of 
graphite  will  occur  above  2500  K  at  low  pressures. 

3.  The  greatest  potential  difference  between  the  two  metal  systems  stems 
from  the  differences  in  metal  combustion  and  oxide  deposition  protec¬ 
tion.  Incomplete  combustion  of  the  metal  is  accompanied  by  propor¬ 
tional  increases  in  the  amounts  of  H2O  and  CO2  available  Lo  react  wirh 
graphite  contour  materials.  Incomplete  combustion,  i^reater  condensed 
phase  stratification  and  loss  oxide  deposition  in  the  beryllium  system 
arc  the  sources  of  higher  observed  corrosion  of  grap^iite  nozzles  bv 
beryllium  exhausts. 
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4.  Chemical  attack  of  tungsten  by  carbon  is  a  primary  cause  of  inser.. 
failures.  The  source  of  the  carbon  is  believed  to  be  graphite-hydrogen 
corrosion  products  and  insulation  pyrolysis  products  (hydrocarbons) 
generated  upstream  of  the  insert.  The  formation  of  low  melting  tungsten 
carbides  causes  surface  regression  which  accelerates  plastic  deformation, 
buckling  and  insert  obtrusion.  The  exposure  of  tungsten  to  aluminum 

or  beryllium  metal  may  lead  to  (not  demonstrated  as  yet)  formation  of 
very  low  melting  alloys  and  a  similar  failure  mode.  fhe  source  of  the 
metal  may  be  either  unLurv.ed  particles  or  decomposing  metal  carb'des 
(formed  on  graphite  surfaces  upstream)  which  flow  over  the  tungsten. 

5.  The  attaelc  of  tungsten  by  gaseous  exhaust  sped  s  is  regarded  as  second¬ 
ary.  H2O,  CO2,  minor  oxvgen  bearing  species  and  the  chlorine  species 
will  attack  tungsten  to  form  gaseous  oxides  and  chlorides.  The  effect 
of  the  gaseous  reactions  would  be  most  significant  W'.en  poor  met com¬ 
bustion  occurs,  provided  that  the  insert  surface  is  not  p'-oteci  ’d  by 
deposits  and  temperatures  are  approaching  or  above  30C0“K.  Selective 
grain  boundary  attack  of  tungsten  is  not  well  understood  out  probably 
involves  impurities  and  carbide  formation.  Th,  metal  oxides  wi'  L  not 
appreciably  attack  tungsten  at  rocket  pressures. 

6.  Above  800-1200°K,  the  attack  of  graphite  by  oxygen  specie:  CHoO  and 
CO2)  is  relatively  independent  of  surface  temperature,  Esi  tiai.y 
all  of  these  species  which  diffuse  to  the  surf  ce  will  react.  Kl"  ‘:1c 
rea'tion  rate  limitations  undoubtedly  occur.  Kawever,  the  effect  caiu.et 
be  great  and  equilib. ium  -an  be  assumed  at  the  reaction  surface  for  most 
practical  purposes.  "^eck  of  this  assumption  can  be  mad  3  by  comparing 
the  calculated  equilibrium  concentration.;  of  H2O  e.id  CO2  at  the  reac¬ 
tion  surface  with  the  free  stream  values.  Normally  the  reaction  site 
concentrations  will  be  very  close  to  zero  and  neglit  hie  even  if 
increased  by  kinetics.  The  oxygen  specie  reactions  are  slightly 
endothermic . 

7.  The  hydrogen- graphite  reaction  (to  form  acetylen''!  thermodynamically 
liin:..ced  auJ  does  not  become  prominent  until  sur»  ce  temperatures  exceed 
about  2400'‘'K.  Ideal  re  .ctivity  is  strongly  dep' •  dent  on  tem.perature 
thereafter.  It  is  believed  that  the  character  of  this  particular 

rea  tion  lia  been  misinterpreted  in  the  past.  The  majoi  issue  ha? 
been  whether  or  not  this  reaction  is  kine.ically  limited  and,  if  so,  to 
what  degree.  T't'.e  questions  of  whether  physical  erosion  of  graphite 
occurs  and  to  hat  degree  are  also  i  volved.  Neclect  of  pyrolysis  gas 
injet.  ion,  imprecision  of  the  heat  transfer  .analysis,  similar  impreci¬ 
sion  j  ii  the  boundary  layer  diffusion  mass  transfer,  neglect  of  deposi 
tion  efft  rts  and  bout.dary  layer  reactions  between  acetylene  and  H20'C02 
will  all  tend  to  promote  exessive  corrosion  rate  predictions.  This 
exce.ss  IS  no.,  ohviou.sly  due  orim..rilv  to  kinetic  restriction  of  the 
hydrogen- carb  n  reaction.  Py’rolytic  graphite,  owing  to  its  high  deg-ec 
of  orientation  and  b.igh  density,  s  most  likely  to  exhibit  hydroger 
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reaction  kinetics  .  ‘^fects.  The  result  would  merely  be  a  ^t  of  the 
high  hydrogen  attack  rates  to  somewhat  higher  surface  temperatures 
(possibly  300G°K).  The  relatively  low  degree  of  orientation  and  high 
specific  surface  area  of  the  polycrystalline  graphites  favor  higher 
reaction  rates.  As  a  first  approximation,  the  hydrogen  reaction  kinetics 
are  believed  to  be  relatively  insignificant  for  these  materials.  This 
applies  as  well  to  plastic  insulation  material  chars.  The  hydrogen- 
graphite  reaction  is  highly  endothermic  which  imposes  severe  limitations 
on  the  nozzle  surface  temperature  rise.  It  is  actually  doubtful  that 
graphite  temperatures  can  rise  above  about  3300°K  in  high  energy  solid 
propellant  exhausts. 

8.  At  surface  temperatures  above  about  3000  K  in  double  base  exhausts, 
nitrogen  attack  of  graphite  will  produce  CN  and  KCN.  These  reactions 
are  also  thermochemically  limited.  Becaused  of  the  complexity  of  the 
reactions,  it  is  probable  that  kinetic  limitations  will  exist.  Again, 
the  degree  of  restriction  is  questionable. 

VII.  NO.TZLH  MECHANICAL  EROSION 

1.  Nozzle  contour  surface  material  may  be  removed  as  a  direct  result  of 
m.echanical  actions  of  the  exiiaist  or  spalled  off  to  relieve  therm.al 
stress  at  or  near  the  surface.  In  many  cases,  mechanical  erosion  m.ay 
be  mistakenly  interpreted  as  corrosion.  Ti.is  is  most  likely  to  occur 
when  the  scale  of  the  erosion  process  is  molecular  or  granular  as  com¬ 
pared  to  bulk  material  erosion.  The  surface  roughness  developed  is 
proportional  to  the  scale  of  the  erosion  process.  The  local  increase 
in  heat  transfer  and  corrosion  are  proportional  to  uhe  surface  rough¬ 
ness.  The  bulk  erosion  mechanism  of  stress  relief  is  probable  non¬ 
recurring.  Grain  erosion  should  exhibit  thresholds  and  will  recur 
until  the  causal  factors  disappear. 

2.  The  thermal  shock  problem  is  relatively  well  ’■ocognizod  but  somewhat 
loss  well  understood.  Tensile  cracks  may  propagate  to  th.e  contour  in 
either  tungsten  or  the  polycrystalline  graphites.  1 nless  entire  seg¬ 
ments  of  the  nozzle  section  are  lost,  thiO  crat'-.s  pose  little  threat. 
Because  the  surface  crack  is  a  weakness,  s'^me  preferential  gr  n  ero¬ 
sion  or  corrosion  may  occur. 

3.  In  conjunction  with  or  in  lieu  of  tensile  crackin..,  it  is  also  possible 
that  co'.r,pre.ssive  or  shear  failure  of  the  hulk  material  at  the  surface 
may  ocu.'ur.  Tliis  is  most  lik<‘ly  to  occur  with  the  potvervr  alline 
graphites  in  tiro  noz.?;!:-  threat  or  inlot  section  oeforc  plastic  defor- 
m.ation  relief  occurs  iahout  dSOO'K).  It  is  also  most  likelv  to  occur 
with  b.igh  flame  temperature  propellants.  Chamber  ’ressure  rise  tran¬ 
sients,  poor  metal  combustion  and  oxide  deposition  may  combine  to  pre¬ 
vent  such,  failures.  Increasing  th.e  tt.ermal  espansi-’n  ailowanc-'  mav 
also  relieve  the  surface  compression. 
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4.  At  high  surface  temperatures,  compression  induced  grain  expulsion  may 
occur.  This  relief  mechanism  is  an  alternate  to  plastic  deformation 
and  component  buckling.  Since  tungsten  becomes  very  plastic  and  the 
polycrystalline  graphites  are  porous,  this  erosion  mechanism  may  be 
limited  to  pyrolytic  graphite.  Thus,  the  spallation  of  surface  nodules 
is  frequently  observed  with  edge  oriented  washers.  This  is  evidently 
followed  by  significant  deformation  of  the  washer  edges.  Crystal 
reorientation  and  nodule  boundary  stress  concentrations  may  be  important. 
As  demonstrated  in  this  program,  nodule  spallation  may  occur  locally  as 
well  as  over  the  entire  circumference.  High  heating  rates,  high  flame 
temperatures  and  axial  re.straint  against  thermal  expansion  will  all 
affect  the  surface  stress;  Since  the  nodules  are  so  large,  this  kind 
of  spallation  produces  e>.treme  roughness  and  extensive  surface  regres¬ 
sion.  When  such  spallation  is  averaged  over  the  firing  period,  the 
erosion  of  the  pyrolytic  graphite  may  compare  with  or  exceed  that  of  the 
polycrystaxiine  graphites.  Pyrolytic  graphite  shells  are  expected  to 
delaminate,  buckle  or  peel  rather  than  eject  nodules  to  relieve 
stresses . 


5.  The  porous  polycrystalline  graphite  and  powder  metallurgy  tungsten 
materials  may  loose  surface  grains  as  a  combined  result  of  the  action 
of  the  exhaust  and  thermally  induced  surface  stresses.  These  grains 
are  not  completely  surrounded  by  or  be  ded  to  other  grains.  Preferen¬ 
tial  chemical  attack  at  grain  boundaries  may  further  weaken  the  struc¬ 
ture.  The  combination  of  surface  compressive  stress  and  gas  shear 
loads  may  be  relieved  by  removal  of  some  of  the  surface  grains.  The 
removal  of  one  grain  weakens  the  support  of  the  adjacent  grains  so 
there  will  be  a  tendency  to  propagate  initial  surface  defects  (upstream). 
The  surface  roughness  developed  will  be  characteristic  of  the  grain 

(or  pore)  size  and  m.ay  augment  the  convective  heat  transfer  and  corrosive 
attack.  The  loss  of  graphite  grains  without  chemical  reaction  heat 
absorption  is  not  advantageous.  However,  the  grains  which  experience 
the  greatest  gas  shear  force,  must  also  be  subject  to  considerably 
higher  chemical  attack  rates  since  they  rojecc  into  the  boundary  layer. 
It  is  possible  that  in  some  (if  not  most)  cases,  the  graphite  grains 
are  actually  corroded  away  before  they  can  be  mechanically  removed. 

This  would  probably  not  nappan  if  transpiration  or  ablation  gas  injec¬ 
tion  was  occurring. 

6.  The  impaction  of  condensed  phases  along  the  motor  contour  may  locally 
stress  the  material  beyond  its  capacity.  Impaction  will  predominantly 
occur  in  the  aft  closure  and  nozzle  inlet  regions.  It  should  be  noted, 
hov^ever,  that  the  areas  which  are  subjected  to  particle  impingement 
are  also  subject  to  extreme  'veat  transfer,  corrosive  attack  and  surface 
shear.  Excessive  local  erosior.  is  undoubtedly  a  result  of  all  of  these 
actions,  not  just  impingement. 
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7,  It  Is  presumed  that  the  gas  shear  action  along  a  carbon  or  graphite 
contour  may  also  remove  material  on  the  molecular  scale  at  sufficiently 
high  temperatures.  This  would  tend  to  saturate  the  boundary  layer  with 
carbon  and  reduce  corrosion  downstream.  However,  it  is  doubtful  that 
molecular  erosion  actually  occurs  since  the  available  molecules  will 

be  the  most  likely  to  react  chemically  before  being  sheared  away. 

8.  The  most  dramatic  forms  of  mechanical  erosion  should  be  eliminated, 
through  appropriate  motor  design  and  materials  selection,  rather  than 
analyzed.  The  overall  complexity  of  the  stress  and  heat  transfer  problem 
suggests  that  there  will  be  no  substitute  for  experimental  verification 
of  the  effectiveness  of  design  changes  to  eliminate  stress  induced 
erosion . 


VIII.  OXIDE  DEPOSITION 

1.  When  impingement  of  condensed  phases  occurs  at  particular  areas  along 
the  motor/nozzle  contour,  a  deposit  will  form  unless  all  particles  are 
rejected  during  the  collision.  Thresholds  for  such  rejection,  if  they 
exist,  have  not  been  found. 

2.  Oxide  and  m.etal/oxide  deposits  will  melt  and  flow  downstream  over  sur¬ 
faces  where  impingement  does  not  occur.  The  net  result  if  beneficial 
to  the  nozzle  materials,  since  the  contour  is  shielded  against  both 
corrosion  and  heat  transfer. 

3.  Eventually,  most  or  all  of  the  nozzle  deposits  will  be  expelled  from 
the  motor.  Both  deposit  retention  and  expulsion  will  contribute  to  the 
motor  performance  losses.  Nominal  motor  performance  deviations  will 
occur  due  to  variation  in  the  nozzle  throat  area  caused  by  deposition 
and  erosion. 

4.  The  specifics  of  the  deposit  flow  process  depend  on  the  properties  of 
the  deposit,  the  amount  of  the  deposit,  the  exhaust  gas  shear  and  the 
heat  sink  capacity  of  the  contour  forming  materials.  Deposits  may  be 
continuous  or  discontinuous.  Liquid  deposits  may  shield  the  contour 
after  the  partially  solid  deposits  have  melted.  The  high  melting  point 
advantage  of  beryllia  (2800’K)  is  partially  offset  by  the  lower  thermal 
conductivity  of  alumina.  Thus,  in  short  tests  there  may  be  little 
difference  in  the  thermal  insulation  effect  afforded  by  the  two  oxides. 

5.  The  primary  source  of  deposits  is  particle  impingement.  Such  impinge¬ 
ment  is  determined  by  the  propellant  combustion  process,  grain  design 
and  motor  contour.  These  parameters  can  conceivably  be  varied  to  con¬ 
trol  the  amount  of  Impingement  and  the  times  when  it  occurs.  By  forcing 
the  exhaust  to  flow  around  a  submerged  nozzle,  the  nose  cap  and  convergent 
portion  of  the  nozzle  may  be  entirely  shielded  from  both  stagnation  flow 
and  impingement/depositton  effects.  Apparently,  submergence  to  approxi¬ 
mately  15  percent  will  promote  effective  nose  cap  shielding. 
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6.  The  variation  In  oxide  deposition,  with  different  propellants  in 
identical  motors  or  with  the  same  propellant  in  different  motors,  is  a 
major  cause  of  apparent  materials  performance  variations. 

7.  The  thermal  insulation  and  corrosion  protection  effects  do  not  outlast 
the  0 ‘posits.  Shortly  after  the  deposits  are  removed,  the  nozzle  tem¬ 
peratures  will  closely  approach  the  levels  they  would  have  reached  with¬ 
out  deposits.  There  will  be  less  total  corrosion  and  possibly  no  thermal 
shock  or  m.echanical  spallation  as  a  result  of  deposit  protection.  Con¬ 
sequently,  short  time  firing  data  cannot  reasonably  be  extrapolated 
without  considering  deposition  effects.  Scale  motor  test  results  should 
also  be  treated  with  great  care. 

IX .  GRAIN  DESIGN 

1.  It  has  been  shown  that  the  solid  propellant  grain  design  can  have  a 
strong  influence  on  nozzle  materials  performance.  Ideally,  the  grain 
should  produce  a  uniform  exhaust  flow,  devoid  of  free  shear  and  recir¬ 
culation  induced  stagnation  or  turbulence.  This  is  not  always  possible. 

In  particular,  some  slotted  and  star  grains  produce  highly  nonuniform 
flow.  The  usual  result  is  that  the  aft  closure  and  nozzle  materials  are 
locally  subjected  to  above  average  flow  stagnation  and  turbulence.  The 
local  corrosion,  heat  transfer  and  impingement  will  be  increased  in  these 
areas.  The  result  will  be  excessive  material  degradation  and,  often, 
motor  failure.  In  extreme  cases,  there  is  little  or  no  hope  of  developing 
superior  materials  or  resorting  to  cooling.  Then,  the  problem  must  be 
eliminated  through  design  changes  involving  the  grain  and/or  the  motor 
contour . 

2.  The  grain  and  motor  aft  closure  configuration  should  be  arranged  to 
maximize  the  opportunity  for  the  metal  additives  to  burn  completely.  The 
streamline  distances,  to  critical  insulation  and  nozzle  surfaces,  and  the 
gas  velocities  should  be  established  to  either  complete  metal  combustion 
or  to  ensure  that  protective  deposits  will  form.  Otherwise,  the  materials 
will  exhibit  higher  surface  regression  rates  than  are  necessary.  To 
achieve  high  motor  ballistic  performance,  the  metal  particles  should  burn 
completely  before  reaching  the  nozzle  throat.  In  establishing  grain 
designs,  the  surface  agglomeration  of  metal  particles  should  be 
considered . 

3.  Efficient  combustion  of  some  beryllium  propellants  in  end  burning  pro¬ 
pellants  may  not  be  possible.  This  is  the  result  of  the  inherently  low 
chamber  velocities  associated  with  end  burners.  At  burn  out,  internal 
burning  grains  also  produce  low  exhaust  velocities  and  combustion 
efficiency  may  decay  in  spite  of  the  increasing  streamline  path  lengths. 
The  flow  will  be  nonuniform  across  an  internal  burning  grain  port,  in 
terms  of  combustion,  due  to  the  great  variation  in  the  streamline  flow 
path  lengths. 
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4.  High  mass  fraction,  internal  burning  grains  will  produce  very  high 
initial  exhaust  flow  velocities  and  short  particle  residence  times. 

Poor  metal  combustion  is  likely  to  result  for  low  flame  temperature 
propellants,  especially  if  surface  agglomeration  occurs.  The  combina¬ 
tion  of  high  flame  temperatures  (without  metal  combustion)  and  potentially 
high  drag  heating  may  compensate  for  the  short  stay  times. 

5.  If  is  not  clear  whether  erosive  burning  will  increase  or  decrease  metal 
particle  agglomeration.  Local  erosive  burning  may  be  induced  in  a 
slotted  grain.  This  is  due  to  the  effect  of  the  axial  slot  jets  which 
radially  stagnate  along  the  grain  surface  (opposite  a  single  slot  and 
between  multiple  slots)  . 


X.  NOZZLE  DESIGN 

1.  Any  insulation  or  nozzle  material  studied  in  this  program  can  be  employed 
as  well  in  either  beryllium  or  aluminum  propellant  systems.  The  specific 
performance  of  the  materials  will  be  directly  determined  by  (a)  propellant 
combustion  efficiency,  (b)  adequacy  of  the  component  thermostructural 
design,  (c)  grain-motor -nozzle  configuration  and  (d)  oxide  deposition 
characteristics.  The  ballistic  performance  of  the  motor  will  also  depend 
on  these  major  parameters.  In  evaluating  ballistic  performance,  nozzle 
throat  area  variations  caused  by  deposition,  plastic  deformation  and 
erosion  must  be  properly  accounted  for. 

2.  In  the  absence  of  thermal  shock  fragmentation,  tungsten  inserts  will 
ultimately  fail  structurally  as  a  result  of  excessive  plastic  deforma¬ 
tion.  Deformation,  buckling  and  obtrusion  can  be  accelerated  by  the 
formation  of  low  melting  carbides  or  metal  alloys.  Uncooled  tungsten 
inserts  should  give  the  best  performance  in  low  flame  temperature 
exhausts  which  achieve  either  high  degree  of  combustion  or  extensive  oxide 
deposition  protection.  In  high  flame  temperature  propellants,  tiring 
times  should  be  appropriately  shortened.  Minimizing  the  corrosion  of 
upstream  graphite  materials  by  hydrogen  and/or  hydrocarbon  pyrolysis  gas 
injection  will  reduce  or  eliminate  tungsten  carbide  formation  at  the 
flame  side  surface. 

3.  Pyrolytic  graphite  can  be  used  with  any  of  the  metalizei,  solid  propellants. 
The  primary  failure  mode  is  high  temperature  surface  spaHation  of  nodules 
or  laminates.  Such  iailures  are  caused  by  the  development  of  excessive 
surface  compressive  stress  which  cannot  be  entirely  relieved  via  plastic 
defoniijtion .  The  stresses  are  primarily  induced  by  differential  thermal 
expansion  and,  possibly,  secondarily  by  crystal  lattice  reorientation. 
Nodule  boundary  corrosion  may  be  a  contributing  cause  of  failure. 
Apparently,  such  surface  spallation  failures  occur  at  surface  temperatures 
above  3000' K  when  local  heating  rates  are  extrem.e.  When  surface 
spallation  is  controlled,  relatively  uniform  corrosion  will  he  the 
primary  cause  of  surface  regression.  The  most  reactive  exhaust  species 
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will  be  H2O,  CO2 )  H2  and,  to  a  lesser  degree  N2*  Poor  propellant  com¬ 
bustion  accelerates  only  the  H2O  and  CO2  reactions  which  arc  not  strongly 
dependent  on  surface  temperature.  Sacrificial  corrosion  of  graphite 
nozzle  inlet  materials  and  Insulation  pyrolysis  gas  injection  will 
usually  (not  always)  reduce  corrosion  rates  at  the  nozzle  throat. 

4.  The  primary  mechanical  failure  modes  for  polycrystalline  graphite  are 
low  temperature  surface  spallation  and  grain  erosion.  Spallation  is  a 
thermal  stress  induced  phenomenon  somewhat  similar  to  thermal  shock. 

Surface  grain  erosion  may  be  caused  by  particle  impaction  and  gas  shear 
loading.  It  may  be  accelerated  by  preferential  corrosion  of  partially 
graphitized  material  which  supports  the  graphite  grains.  Whether  grain 
erosion  actually  occurs  or  not  probably  depends  on  whether  the  surface 
is  hydraulically  rough  or  not. 

5.  Corrosion  reactions  are  the  same  for  all  graphites.  However,  it  is 
argued  that  the  hydrogen  reactions  will  proceed  at  higher  rates  with 
polycrystalline  graphites  (at  the  same  sVirface  temperature)  relative  to 
pyrolytic  graphite.  The  highly  endothermic  hydrogen  reaction  will  limit 
the  surface  temperature  rise  in  proportion  to  the  actual  rates  of  reac¬ 
tion.  The  acetylene  reaction  product  can  react  with  H2O  and  CO2  in  the 
boundary  layer  or  supress  the  hydrogen  reaction  rate  downstream. 

6.  The  specific  performance  of  ablative  insulation  materials  depends 
primarily  on  the  local  heating  rate,  corrosion  rate,  gas  shear  and 
particle  impingement.  Abnormally  high  exhaust  Interactions  with  the 
insulator  surface  occur  in  flow  stagnation  regions  along  the  aft  closure. 

All  four  of  the  above  effects  peak  at  about  the  same  place.  It  is 
speculated  that  high  corrosion,  particularly  as  a  result  of  incomplete  metal 
combustion,  coupled  with  high  gas  surface  shear  is  the  primary  cause  of 
excessive  insulation  char  regression.  Higher  heating  rates  are  partially 
compensated  for  by  ''lowing.  Particle  impingement  may  also  be  a  secondary 
effect  with  thin  chars  and  when  sticking  occurs. 

XI.  MOTOR  TESTING 

1.  Information  return  from  development  motor  tests  has  generally  been 
unnecessarily  limited.  It  has  been  demonstrated  in  this  program  that 
nozzle  throat  deposition,  nozzle  thermal  response  and  metal  combustion 
efficiency  can  be  obtained  without  compromising  other  test  objectives. 

Motion  pictures  of  firings,  post  test  physical  examination  of  hardware 
and  exhaust  plume  sampling  provide  pertinent  additional  information. 

2,  The  beryllium  exhaust  erosion  corrosion  problem  is  not  unique.  Similar 
problems  are  likely  to  arise  in  connection  with  the  development  of 
advanced  propellant  and  motor  systems.  Early  detection  and  avoidance  of 
these  problems  would  be  facilitated  by  expanding  the  objectives  of  future 
scale  and  development  motor  tests. 
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3.  In  general,  it  should  be  assumed  that  motor  materials  performance  will 
depend  on  motor  scale,  motor  configuration,  grain  design,  propellant 
formulation,  motor  pressure  level  and  test  duration.  Correlation  of 
test  results  will  be  difficult  or  Impossible  with  the  limited  availability 
of  specific  test  data.  Extrapolation  of  motor  test  results  should  be 
undertaken  with  great  caution. 

XII.  ANALYTICAL  DEVELOPMENTS 

1.  Significant  progress  has  been  made  in  the  analytical  characterization 
of  nozzle  heat  transfer,  corrosion  and  oxide  deposition  processes.  The 
dependence  of  these  processes  on  the  major  motor  design  parameters  has 
been  demonstrated  through  post  test  analysis  of  nozzle  performance.  A 
generalized  method  for  nozzle  design  and  performance  analysis  has  been 
formulated.  The  method  involves  both  qualitative  and  quantitative  treat¬ 
ments  of  the  elements  of  the  nozzle  performance  problem.  The  method  pro¬ 
vides  a  basis  for  selecting  experiments  and  scale  tests  to  constructively 
supplement  the  quantitative  analyses. 

2.  Based  on  the  post- test  analysis  results  in  this  program,  measured  nozzle 
throat  heat  transfer  is  potentially  a  more  effective  indicator  of  poor 
metal  combustion  than  is  ballistic  performance  efficiency.  Nozzle  throat 
deposition  histories  must  be  obtained  from  the  ballistic  performance  data 
to  accurately  determine  the  heat  transfer,  corrosion  rate  and  ballistic 
performance  efficiency. 

3.  An  effective  means  of  analytically  predicting  nozzle  contour  deposition 
histories  has  not  been  developed.  Qualitative  and  analytical  models  have 
been  formulated  for  future  consideration. 

4.  An  improved  technique  has  been  developed  tor  estimating  nozzle  convective 
heat  transfer  in  high  energy  solid  propellant  exhausts.  A  revised  form 
of  the  closed  form  Bartz  equation  and  supplementary  thermochemical 
calculations  are  employed.  Recombination,  corrosion,  low  Prandtl  number, 
recovery  and  blowing  effects  have  been  included.  Surface  roughness  and 
pyrolys'-  gas  film  injection  effects  can  also  be  covered. 

5.  An  advanced  analytical  technique  for  predicting  graphite  nozzle  corrosion 
by  gaseous  exhaust  species  has  been  partially  developed.  The  improvements 
in  the  convective  heat  transfer  analysis  arc  incorporated.  The  analysis 
requires  the  use  of  unequal  specie  mass  transfer  coefficients.  Simplified 
corrosion  rate  prediction  equations  can  be  derived  from  the  more  general 
theory  but  the  essential  assumptions  are  usually  physically  unrealistic. 
Major  questions  have  been  raised  concerning  the  use  of  available  chemical 
reaction  rate  kinetics  data. 
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6.  Nozzle  heat  transfer  studies  indicate  that  nozzle  failures  in  the  past 
may  oftni  have  been  the  uirect  result  of  underestimation  of  the  heat 
transfer.  Similarly,  unusually  good  ncvzle  performance  can  be  attributed 
to  combinations  of  poor  metal  combuiition  and  extensive  deposit 
protection. 
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SECTION  VI  (C) 

RECOMMENDATIONS 


The  major  recommendations  for  future  work  are  listed  below.  These  are 
based  on  the  program  results  and  their  projection  to  situations  not  spe¬ 
cifically  covered  in  the  present  program.  The  recommendations  are  not 
restricted  to  beryllium  solid  propellants  or  motors  except  as  specifically 
stated.  More  detailed  recommendations  have  previously  been  presented  at  the 
end  of  Sections  II  through  V  in  References  1  through  4. 

I .  PROPELLANT  SELECTION 

1.  With  the  objective  of  minimizing  future  motor  materials  and  ballistic 
performance  problems,  it  is  recommended  that  the  metal  combustion 
characteristics  be  established  for  candidate  propellants.  This  should 
be  done  before  or  in  conjunction  with  early  propellant  development 
tests.  Both  analytical  and  laboratory  experimental  techniques  are 
currently  available  or  can  be  developed  for  this  purpose.  Poor  combus¬ 
tion  characteristics  should  serve  as  adequate  grounds  for  rejection  or 
further  development  of  a  propellant,  regardless  of  its  ideal  performance 
potent ial . 

2  In  the  earliest  possible  stages  of  a  rocket  motor  development,  it  is 
recommended  that  tests  be  conducted  to  establish  the  compatibility  of 
selected  propellants  with  the  actual  grain  design  and  motor  contour. 
Throat  deposltion/eroslon  histories,  nozzle  thermal  response,  ivvrawai. 
post  test  analysis  and  ballistic  performance  analyses  should  be  conducted 
to  clarify  the  metal  combustion  efficiency  and  materials/design  per¬ 
formance.  The  causes  of  poor  to  marginal  delivered  performanc.  should 
be  clearly  identified  before  major  motor  redesign  or  rejection  are 
undertaken . 
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Double  base,  composite  and  CMDB  propellants  containing  beryllium  metal 
can  be  considered  for  future  applications.  The  majority  of  these  will 
exhibit  poor  metal  combustion  in  some  or  all  motor  applications.  With 
proper  design,  the  effects  of  poor  combustion  can  be  minimized.  Con¬ 
figuration,  volumn  and  ballistic  performance  penalties  are  likely  to 
result.  It  is  recommended  that  first  choice  be  given  to  those  propellants 
which  do  not  exhibit  extensive  grain  surface  agglomeration  of  beryllium. 

At  the  same  time,  the  flame  temperature  without  any  metal  combustion 
should  not  be  below  about  2000‘’K.  Ideally,  this  temperature  should  be 
close  to  or  above  the  melting  point  of  the  condensed  reaction  products. 

In  cases  vjhich  are  marginal,  tailoring  should  involve  metal  particle 
size,  metal  loading,  oxidizer  particle  size  and  burn  rate  changes  to 
improve  combustion.  Increasing  the  propellant  oxidation  ratio  is  not 
desirable  from  a  nozzle  corrosion  point  of  view.  Low  chamber  pressures 
are  not  desirable,  particularly  with  composites. 

II.  ADVANCED  NOZZLE  DESIGN 

Once  nozzle  deposits  are  removed,  the  performance  of  nozzle  materials 
will  be  essentially  the  same  in  completely  combusted  aluminum  and 
beryllium  exhausts.  Cooled  nozzles  should  be  equally  effective  in 
either  system  if  advantage  is  not  taken  of  the  nigh  melting  point  of 
beryllia  deposits.  Before  considering  the  use  of  cooled  nozzles  with 
beryllium  propellants,  it  is  recommended  that  the  performance  limits  of 
uncooled  designs  be  established  with  and  without  the  exploitation  of 
oxide  deposition  protection. 

In  selecting  a  nozzle  design  or  concept,  it  is  recommended  that  a 
definite  decision  be  made  as  to  whether  oxide  deposition  is  to  be 
encouraged  or  discouraged.  Internal  gas  or  liquid  metal  cooling  con¬ 
cepts  will  be  most  successful  in  extending  the  oxide  deposit  protection 
effects.  Transpiration  and  film  cooling  should  be  most  effective  with 
deeply  submerged  designs  which  discourage  deposit  formation.  Film 
protection  and  sacrificial  ablation  may  be  effective  after  deposits  are 
removed  from  the  main  throat  insert  and  may  otherwise  delay  deposit 
removal.  The  stability  of  new  material  candidates  with  beryllia  should 
be  established  prior  to  their  use. 

It  is  recommended  that  motor  insulation  materials  be  selected  with  due 
consideration  given  to  (a)  their  resistance  to  incompletely  burned 
exhaust,  (b)  their  ability  to  capture  condensed  phases,  (c)  the  influence 
of  pyrolysis  gas  products  on  the  performance  of  materials  downstream, 
and  (d)  the  consequences  of  ejecting  insulation  decomposition  products 
into  the  exhaust  plume. 
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III.  MOTOR  TESTING 

1.  It  is  recommended  that  future  research  and  development  motor  testing 
be  related  as  closely  as  possible  to  specific  propellants  and  motor 
configurations  which  are  candidates  for  actual  systems  application. 
Accurate  thrust  and  pressure  data  should  be  obtained  in  all  tests  and 
used  to  determine  nozzle  deposition  and  ballistic  performance. 

2.  Additional  motor  testing  should  be  conducted  to  establish  or  further 
clarify  the  dependence  of  corrosion,  heat  transfer  and  deposition  on  the 
following: 

(a)  Aft  closure  insulation  materials, 

(b)  Grain  design, 

(c)  Nozzle  submergence, 

(d)  Surface  roughness, 

(e)  Metal  combustion  efficiency. 

3.  It  is  recommended  that  the  return  of  heat  transfer,  corrosion,  tungsten 
carburization,  and  deposition  data  be  maximized  in  future  motor  tests. 
Correlation  of  this  data  should  be  possible  when  complete  combustion  of 
che  metal  additives  has  been  achieved  in  all  cases.  Such  data  is  also 
useful  in  determining  when  complete  combustion  is  achieved. 

4.  Geometric  scaling  is  not  recommended  with  beryllium  propellants.  Scale 
motor  designs  should  be  developed  with  due  considernt ion  to  the  effects 
on  combustion,  deposition,  heat  'ransfer  atid  corrosion,  relative  to  the 
full  .  'ale  motor. 

IV.  ANALYSES  DEVELOPMENT 

1.  It  is  recommended  that  analytical  or  semiempirical  techniques  be  developed 
to  predict  ignition  delays  and  comb'-stion  times  for  metal  particles  in 
the  rocket  chamber.  Fuels  such  as  Al,  Be,  5,  C,  BeH^  and  .VIH3,  with 

real  size  distributions,  sho'.^ld  be  considered.  Velocity  slip  heating, 
surface  reactions,  fusion,  ^apor izat ion ,  diffusion  and  radiation  should 
be  covered.  Parallel  laboratory  sCudi-,  --  should  be  conducted  to  improve 
the  characterization  of  surface  agglomv-ration ,  particle  ignition  tem¬ 
peratures  and  particle  ejection  mechanics. 

2.  Analytical  or  cold  flow  modeling  t-chniques  should  be  developed  or 
improved  for  the  purpose  of  detet mining  the  detailed  exhaust  flow  inter¬ 
actions  with  the  motor ''nozzle  contour.  Emphasis  should  be  placed  on 
locating  surface  areas  which  are  subif-ct  to  roc  i  rcu  la  t  i  on ,  stagnation. 
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free  shear  and  highly  turbulent  flow.  Such  surfaces  will  be  simultaneously 
subject  to  significant  particle  impingement,  high  corrosion,  high  heat 
transfer  and  extreme  gas  shear  loading. 

3.  It  is  recommended  that  a  boundary  layer  _umputer  program  be  developed 

to  Incorporate  the  improvements  in  the  characterization  of  the  convective 
heat  transfer  and  corrosive  species  diffusion  developed  in  this  program. 

4.  It  is  recommended  that  the  objectives  of  future  development  motor  testing 
be  expanded  to  include  the  production  or  basic  heat  transfer,  corrosion, 
deposition  and  combustion  efficiency  data.  Individual  contractors  can 
use  this  data  directly  in  the  motor/nozzie  design  process.  The  Air 
Force  should  take  the  responsibility  of  promoting  the  parallel  develop¬ 
ment  or  improvement  of  analytical  techniques  for  predicting  and 
correlating  the  heat  transfer,  corrosion  and  denosition.  Independent 
predictions  of  nozzle  and  insulation  materials  performance  should  be 
compared  with  actual  results  to  check  the  validity  and  accuracy  of  the 
analytical  methods. 

5.  In  support  of  studies  dealing  with  the  oxide  deposition  phenomenon,  it 
is  recommended  that  further  work  be  devoted  to  determining  the  important 
properties  of  alumina  and  beryllia.  Thermal  conductivity,  specific 
heat,  density  and  bulk  emissivity  data  are  required  for  the  solid  and 
liquid  phases  to  approximately  5200"F.  The  viscosity  and  surface  tension 
of  the  liquids  should  also  be  measured.  The  influence  of  impurities 
(metal,  carbon,  silica,  silicates,  etc.)  disoived  gases  and  porosity  on 
the  basic  properties  should  bo  determined. 

V.  PROGRAM  RESULTS 

1.  It  is  recoTiimended  that  the  results  and  conclusions  of  this  program  not 
be  regarded  as  exclusively  applicable  to  beryllium  propellants.  For 
the  most  part,  they  apply  equally  as  well  to  fuel  rich,  hybrid,  slurry, 
gel  and  liquid  propellant  systems.  Combustion,  fluid  flow  mechanics,  heat 
transfer,  corrosion  and  structural  mechanics  are  cotnmor  elements  to  all 

of  these  systems. 

2.  It  is  recoranended  th.at  the  results  of  this  program  and  related  future 
work  be  considereii  in  future  sysfem.s  planning,  feasibility  and  develop¬ 
ment  studies.  1 tcrna te ly ,  variations  of  the  program  technical  approach 
should  be  effective  in  developing  an  understanding  of  the  nature  of 
motor/nozzie  materials  problems  which  may  arise  during  advanced  systems 
dev'elopment . 
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APPENDIX  I  (C) 

ROCKET  MOTOR  DESIGN  DATA 


Propellant,  grain,  motor  and  nozzle  design  data  for  the  motors  tested  in 
this  program  are  presented  in  this  appendix.  The  data  are  summarized  in 
graphical  and  tabular  form.  Table  111  summarizes  and  compares  the  major 
design  features  of  the  motors  tested  (see  also  Section  3.3  ). 

1.1  (U)  PROGRAM  PROPELLANTS 

The  criteria  used  in  selecting  the  seven  propellants  and  their  ideal  per¬ 
formance  are  discussed  in  Section  3.1.  The  propellant  formulas  are  given 
in  Tables  IV,  V,  and  VI.  The  XSO  parameter  (excess  oxygen)  is  similar  to 
the  oxidation  ratio.  Thus,  XSO  equals  the  formula  gram  atoms  of  oxygen, 
less  the  sum  of  the  formula  gram  atoms  of  carbon  and  metal.  The  propellants 
were  tailored  to  provide  equal  burn  rates  at  the  nominal  motor  design 
pressure  of  800  psia  The  tests  in  which  each  propellant  was  used  are 
listed  with  the  formula. 

1.2  (U)  GRAIN  DESIGNS 

Cross -tectlonal  views  and  dimensional  data  for  the  five  grain  designs 
employed  in  this  program  are  shown  in  Figures  2  through  6.  The  design 
criteria  are  briefly  discussed  in  Section  3.3.  The  tests  in  which  each 
design  was  used  are  indicated  on  the  figures.  Note  that  the  end  burning 
grains  were  used  in  two  motor  configurations.  In  the  remote  position,  the 
initial  burning  surface  was  12  inches  fartlier  forward  than  in  the  close 
position.  In  the  close  end  burner  configuration,  the  grain  was  as  close 
to  the  nozzle  (throat)  as  the  aft  closure  insulator  would  allow. 
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1.3  (U)  MOTOR  CONFIGURATIONS 


The  Aerojet  ADOBE  (600  pound)  hardware  was  used  in  all  tests.  Cross- 
sectional  schematics  of  the  motor  assemblies  are  shown  in  Figures  7  through 
12.  The  appropriate  tests  are  indicated  on  these  figures.  The  motor 
assembly  procedures  are  described  in  detail  in  Sections  5.2  and  5.3  of 
References  2,  3,  and  4.  Note  that  minor  modifications  were  made  to  the 
ADOBE  barrels  after  they  were  damaged  on  Tests  T-1  and  T-2.  The  modifica¬ 
tions  allowed  for  improved  sealing  between  the  forward  (wood  filled)  and 
:  aft  sections  of  the  m.otors.  The  damaged  barrel  sections  were  used  on  Tests 

f  T-3  through  T-25.  New  barrel  sections  were  fabricated  by  the  Air  Force 

i  for  use  in  the  development  Tests,  T-51  through  T-54. 

J  1.4  (U)  NOZZLE  DESIGNS 

r  Cross-sectional  schematics  of  the  nozzle  designs  tested  in  this  program 

I  are  shown  in  Figures  13  through  26.  The  initial  nozzle  throat  diameters 

!;  and  the  nozzle  materials  are  indicated  on  each  figure.  Figures  27  through 

■  34  define  the  critical  dimensions  and  angles  for  all  of  the  nozzle  designs. 

Numerical  data,  corresponding  to  the  letter  symbols,  are  given  in  Table  VII. 
I  Note  that  otherwise  identical  nozzles  had  slightly  different  throat 

diameters  when  the  propellant  was  changed. 
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TABLE  III.  MOTOR  DESIGN  SUMMARY  (Continued) 
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TABLE  IV.  BERYLLIUM  CMDB  PROPELLANT  FORMULATION 

Test  Arcocel  191F 


T-1 

Ingredient 

Weight  (7o) 

T-9 

Binder: 

55.000 

T-10 

T-12 

Nitrocellulose 

18.288 

T-13 

TMETN 

30.009 

T-16 

Nitroglycerin 

1.064 

T-17 

T-18 

Triacetin 

3.574 

T-20 

Resorcinol 

1.100 

T-21 

2-NDPA 

0.352 

T-23 

T-25 

Ethyl  Centralite 

0.612 

T-51 

Ammonium  Perchlorate 

31.204 

T-53 

Beryllium 

13.796 

T-54 

XSO  =  0.150 

100.000 

Test  Arcocel  319BRF 


T-3 

Ingredient 

Weight  (%) 

T-14 

Binder: 

55.000 

T-i5 

Same  as  Arcocel  191F 

T-19 

RDX 

26.200 

T-24 

Ammonium  Perchlorate 

8.026 

T-52 

Beryllium 

10.774 

XSO  =  0.050 

-164- 

CONFIDENTUL 


100.000 


COKFIDENTIAL 


Test 

T-2 


Test 

T-4 

T-11 

T-22 


TABLE  V.  BERYLLIUM  COMPOSITE  PROPELLANT  FORMULATION 


Arcane  24F 


Ingredient 

Binder: 

Polypropylene  Glycol 
Trimethyl  Propane 
Neozone  D 
Alrosperse  IIP 
Toluene  Disocyanate 
Ferric  Ac  etylacetonate 
Ammonium  Perchlorate 
Beryllium 

XSO  =  0.300 


Weight  (%) 

20.000 

16.953 

0.108 

0.199 

0.530 

2.168 

0.042 

68.053 

11.947 

100.000 


Arcane  54F 

Ingredier." 

Binder: 

Same  as  Arcane  24F 
Ammonium  Perchlorate 
Beryllium 


XSO  «  0.150 


Weight  (7.) 


20.000 


67.019 

12.981 

100.000 
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TABLE  VI.  ALUMINUM  ANALOG  PROPELLANT  FORMULATION 


Test 

Arcocel  389  (Arcocel 

191F  Analog) 

Ingredient 

Weight 

(%) 

T-7 

Binder; 

52.000 

T-8 

Same  as  Arcocel  191F 

Ammonium  Perchlorate 

24.93' 

Aluminum 

23.070 

100.000 

XSO  =  0.150 

Test 

Arcocel  390  (Arcocel 

319BRF  Analog) 

T-6 

Ingredient 

Weight 

m 

Binder: 

51.000 

Same  as  Arcocel  191F 

Amiiionium  Perchlorate 

4.359 

RDX 

26.200 

Aluminum 

18.411 

100.000 

XSO  =  0.050 

Test 

Arcane  60  (Arcane 

5-if  .Analog) 

T-5 

Ingredient 

Weight 

SIX 

Binder : 

20.000 

Same  as  Arcane  24F 

Ammonium  Perchlorate 

59.360 

Aluminum 

22.140 

XSO  »  0.150 
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FIGURE  J.  INTERNAL  BURNING  GRAIN 


MICARTA  TUBING 


FIGURE  4.  INTERNAL  BURNING  GRAIN  II  (7  IN,  KEY) 


MICARTA  TUBING 


FIGURE  5.  INTERNAL  BURNING  GRAIN  III  (3  IN.  KEY> 


50Q  POUND  INTtRNAL  BURNING  GRAIN 


WOOD  FILLER  ORIGINAL  SEALED  ASBESTOS 

BLOCKS  UNSEALED  ASBESTOS  PHENOLIC 

V  STEEL  BEARING  PHENOLIC  CHAMBER 


FIGURE  8.  MODIFIED  MOTOR  CASE  DESIGN  -  REMOTE  END  BURNING  GRAINS 


SEALED  PHENOLIC 
ASBESTOS  INSULATION 
DISK 


FIGURE  10  MOTOR  CASE  DESIGN  -  INTERNAL  BURNING  GRAINS  TYPE  II 


SEALED  ASBESTOS 
PHENOLIC  INSULATION 
DISK 


ADOBE  AFT  CLOSURE 


ADOBE  AFT  CLOSURE 


FIGURE  14.  NOZZLE  DESIGN  (CONVENTIONAL)  FOR  INTERNAL  BURNING  GRAINS 


FIGURE  16.  NOZZLE  DESIGN  (STEEP  INLET)  FOR  INTERNAL  BURNING  GRAINS 


GRAIN 


DUAL  ASBESTOS 
PHENOLIC  AFT 
CLOSURE  INSULATION 


FIGURE  19.  NOZZLE  DESIGN  FOR  TESTS  T-18  AND  T-19 


DUAL  ASBESTOS 
PHENOLIC  AFT 
CLOSURE  INSULATION 


TOS 

Lie 


ASBESTOS 

PHENOLIC 


FIGURE  24.  NOZZLE  DESIGN  FOR  TESTS  T-51  AND  T-52 
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THROAT 
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DIAMETER 

(D*-IN.) 

T-53 

2.340 

RTV  SILICONE 
RUBBER 


PTGURE  25.  NOZZLE  DESIGN  FOR  TEST  T-53 


F08200U 


FIGURE  28.  DIMENSION  CODE  FOR  T-12  AND  T-23  NOZZLES 


-18  AND 


FIGURE  32.  DIMENSION  CODE  FOR  T-51  AND  1-52  NOZZLES 
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FIGURE  3i.  DIMENSION  COI 
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FOR  T-53  NOZZLE 


APPENDIX  II  (U) 


MOTOR  TEST  INSTRUMENTATION 


2.1  PRESSURE  AND  THRUST 

The  following  ballistic  data  were  taken  during  each  motor  test:  (1)  axial 
thrust,  (2)  chamber  pressure,  and  (3)  ambient  pressure.  It  was  anticipated 
that  the  motors  used  in  the  small  scale  tests  would  normally  produce  about 
1000  to  1500  pounds  thrust  at  chamber  pressures  between  600  and  1000  psi. 

Two  strain  gage,  dual  bridge  axial  thrust  mounts  (0-1000  and  0-2000  psig) 
were  used.  The  data  were  recorded  on  a  digital  system  at  17  to  18  milli¬ 
second  intervals.  For  redundancy,  an  oscillograph  was  also  used  to  record 
chamber  pressure  and  thrust.  In  the  development  motor  tests,  two  dual 
bridge  strain  gage  axial  thrust  mounts  (0-10,000  pound  range)  were  used. 

Two  pressure  transducers  (0-1000  and  0-2000  psig)  were  used.  The  data  were 
recorded  on  the  digital  recording  system  at  about  3.5  millisecond  intervals. 
For  redundancy,  an  oscillograph  was  used  to  record  the  thrust  and  chamber 
pressure . 

Pressure  transducers  on  the  development  test  motors  were  somewhat  undepend¬ 
able.  The  No.  2  transducer  was  inoperative  on  Tests  T-51  and  'i-53  and  it 
was  plugged  during  Test  T-54.  The  No.  1  transducer  performed  adequately 
on  all  tests  except  T-54  where  it  apparently  plugged  for  a  few  seconds  in 
the  middle  of  the  run.  The  cause  of  the  failures  of  the  No.  2  transducer 
is  not  clear.  It  is  believed  that  the  presvsure  port  was  plugged  by:  (1) 
the  cab-o-sil  used  to  bond  the  aft  closure  insulator  to  the  propellant  grain, 
(2)  debris  from  the  ignitor,  and/or  (3)  metal  oxide  deposits  from  the  aft 
closure . 
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2.2  THERMOCOUPLE  DESIGNS 

The  thermal  instrumentation  plan  and  thermocouple  performance  are  discussed 
at  length  in  Sections  4.3  of  References  1  through  4.  The  majority  of  the 
thermocouples  used  were  of  the  standard,  spring  loaded,  bayonette  type. 

Both  the  type  K,  chrome 1 - alume 1 ,  and  type  S,  platinum/platinum- rhodium, 
thermocouples  were  used.  A  special,  submerged  thermocouple  design  (Figure  35) 
was  used  in  nozzles  T-12  and  T-13.  The  relatively  poor  performance  of  this 
thermocouple  prompted  the  development  of  the  improved  model  shown  in 
Figure  36.  This  design  was  used  on  Tests  T-18,  T-19,  T-21  through  T-24, 
and  T-51  through  T-54.  These  and  the  majority  of  the  bayonette  type  thermo¬ 
couples  gave  excellent  data.  The  thermocouple  performance  for  all  tests  is 
summarized  in  Table  VIII. 

A  special  radiometer  (Figure  37)  was  fabricated  and  used  on  Test  T-3.  The 
radiometer  performance  is  shown  in  Figure  38.  These  results  are  discussed 
in  Section  2.5.b  and  4. 3. a  of  Reference  2. 

2.3  PLUME  PARTICLE  SAMPLERS 

Exhaust  plume  particle  samples  were  collected  during  each  of  the  program 
motor  tests.  Two,  simple,  grab  samplers  were  installed  approximately 
50  feet  from  the  nozzle  along  the  motor  axis.  The  design  shov.m  in  Figure  39 
was  used  in  Tests  T-1  through  T-7.  It  featured  a  wide  variety  of  sample 
collectors.  Based  on  these  early  results,  the  sampler  shown  in  Figure  40 
was  designed  and  used  on  the  remaining  tests.  The  second  sampler  uses  small 
glass  bottles,  open  at  one  end,  to  collect  the  sample.  The  analyses  of  the 
samples  are  discussed  in  Sections  3.4  of  References  2,  3,  and  4.  The  per¬ 
formance  and  installation  of  the  samplers  are  discussed  in  Sections  4.3  of 
Referenv.es  2,  3,  and  4. 

2.4  NOZZLE  THERMOCOUPLE  LOCATIONS 

The  locations  of  the  thermocouples  in  each  type  of  nozzle  tested  are  shown 
in  Figures  41  through  51.  The  actual  temperature  data  is  given  in  Section  2.5 
(Tests  T-1  through  17)  of  Reference  2,  Appendix  A  (1-8  through  T-23  and 
T-25)  of  Reference  3,  and  Appendix  A  (T-24  and  T-51  through  T-54)  of 
Reference  4.  It  should  be  noted  that  much  of  the  temperature  data  was 
not  actually  used  in  this  program.  The  temperature  data  are  also  available 
in  digital  form. 
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FIGURE  35.  HY-GAL  ENGINEERING  SPECIAL  SUBMERGED  THERMOCOUPLE 


-203- 


FIGURE  36.  AERONUTRONIC  SPECIAL  SUBMERGED  THERMOCOUPLE  DESIGN 
(TYPICAL  INSTALLATION) 
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FIGURE  38.  RADIOMETER  PERFORMANCE 


FIGURE  40.  EXHAUST  PLUME  PARTICLE  SAMPLER  NO.  2 
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FIGURE  41.  THERMOCOUPLE  LOCATIONS  ON  NOZZLES  T-1  THROUGH  T-7 


FIGURE  42.  THERMOCOUPLE  LOCATIONS  FC.i  OZZLE  T-8  THROUGH  T-11,  T-14 


FIGURE  44.  THEimOCOUPLE  LOCATIONS  FOR  NOZZLE  T-13 


FIGURE  46.  THERMOCOUPLE  LOCATIONS  FOR  NOZZLES  T-18  AND  T-I9 


FIGURE  47.  THERMOCOUPLE  IX)CATIONS  FOR  NOZZLES  T-21  T-22,  AND  t-24 


FIGURE  48.  THERMOCOUPLE  LOCATIONS  FOR  NOZZLE  T-25 
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APPENDIX  III  (C) 
PRESSURE  AND  THRUST  DATA 


Measured  motor  pressure  and  thrust  data  for  each  of  the  program  motor  tests 
are  presented  in  Figures  52  through  80.  These  data  may  also  be  found  and 
are  discussed  in  Sections  5.2  and  5.3  of  References  2,  3  and  4.  The 
instrumentation  used  to  obtain  the  data  are  discussed  briefly  in  Appendix  II 
of  this  report  and  in  Section  4.3  of  References  1  through  4.  Two  sets  of 
measurements  were  obtained  on  each  firing.  In  many  cases,  only  one  pressure 
history  was  actually  obtained  due  to  oxide  plugging  of  one  aft  closure  pres¬ 
sure  port.  In  general,  the  most  reasonable  curves  are  presented  when  both 
sets  of  pressure  and  thrust  data  were  recorded. 

It  should  be  noted  that  each  grain  was  designed  to  provide  a  nominally 
neutral  pressure  at  800  psia.  This  condition  was  not  usually  achieved  due 
to;  (1)  minor  variations  in  burning  rates,  (2)  deposition/erosion  induced 
throat  area  variations,  and  (3)  erosive  burning  (slotted  grains).  Tests 
T-6,  T-24  and  T-52  were  hangfires.  Apparently,  ignition  was  marginal  on 
Tests  T-1,  T-2,  T-4,  T-5,  T-15,  T-51  and,  possibly,  T-23.  On  T-54,  the 
tungsten  throat  insert  was  ejected  at  20  seconds.  Partial  plugging  of  the 
pressure  port  apparently  occurred  at  5  seconds  on  T-54.  The  ,..=  *-imated 
pressure  is  shown  as  a  dashed  line  (until  the  port  cleared)  in  Figure  80. 

The  minor  fluctuations  in  the  pressure  and  thrust  curves  are  believed  to 
be  real.  Such  fluctuations  appeared  to  correspond  to  the  expulsion  of 
slag  deposits  as  observed  in  the  motion  pictures  of  the  firings. 
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CHAMBER  PRESSURE,  Pc  (PSIG)  AND  THRUST,  F  (LBS) 
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FIGURE  52.  CHAMBER  PRESSURE  .'VND  THRUST  VERSUS  FIRING  TIME  TEST  T-1 
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fc'IGUPE  53.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T- 


FIRING  TIKE,  t  (SECONDS) 

F04i37  C 

FIGURE  54.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING 
TLME  TEST  T-3 
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FIGURE  56.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-5 
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FIGURE  57.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING 
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CHAMBER  PRESSURE,  Pc 
(PSIG)  AND  THRUST,  F  (LBS) 
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FIRING  TIME,  t  (SECONDS) 

F04141 C 

FIGURE  58.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-7 
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FIGURE  62,  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-11 
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FIGURE  61.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-10 


FIRING  TIME,  t  (SECONDS) 

FIGURE  62.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-il 
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•;R  pressure,  P  (PSIG)  and  thrust,  F  (LB)  chamber  pressure,  P  (PSIG)  AND  THRUST,  F  (LB) 


COHRDENTIAL 


FIGURE  63.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-12 


FIRING  TIME,  t  (SECONDS)  F08068C 

FIGURE  64.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TLME  TEST  T-13 
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FIRING  TIME,  t  (SECONDS) 

FIGURE  65.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-14 


FIGURE  66.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-15 
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FIRING  TIME,  t  (SECONDS) 

FIGURE  67.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-16 


FIGTOE  68.  CHAMBER  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-17 
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FIGURE  72.  CHAMBER  PRESSURE  AMD  PHRUST  VERSUS  rlKIN’C  TIME  TEST  1-21 


FIGURE  72.  chamber  PRESSURE  AND  THRUST  VERSUS  FIRING  TIME  TEST  T-21 
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C;ii\MEER  PRESSURE  AiNTl  THRUST  VERSUS  H  IRING  TIKE  TEST  T-54 
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APPENDIX  IV  (C) 


NOZZLE  CROSS  SECTIONS 


This  appendix  contains  selected  photographs  of  the  tested  nozzles  and  aft 
closuie  insulators.  Over  100  additional  photographs  of  the  hardware,  in 
rhe  as  received  condition  and  with  loose  deposits  removed,  may  be  found  in 
Sections  3.4  of  References  2,  3  and  4.  Section  3.4  of  Reference  4  also 
shows  cross  sections  of  5  Aerojet  ADOBE  nozzles. 

Figures  31  through  88  show  hardware  from  Tests  T-1  through  T-7.  Each  of 
the  seven  program  propellants  was  used  in  these  otherwise  identic^il  tests. 
The  nearly  perfect  nozzle  condition  and  most  of  the  residu-l  oxide  deposits 
can  be  seen.  Figure  82  shows  an  aft  closure  insulation  cross  section.  It 
was  typical  of  this  series  of  tests  that  no  char  erosion  could  be  i.-, ensured . 
This  was  apparently  the  result  of  oxide  deposition  protection  which  clso 
reduced  the  extent  of  charing.  Note  the  radial-axial  crack  in  the  upstream 
washer  in  Figure  88.  Also  note  the  char  profile  in  the  nozzle  throat 
insulation  sections.  There  are  no  significant  differences  in  the  appearanc 
o*'  the  nozzles  tested  with  beryllium  or  aluminum  propel iants. 

rigurcs  89  through  96,  102,  103  and  104  show  hardware  irom  ch*:>  grain  design 
test  series  (T-8  through  T-ll,  T-l-e  and  T-15).  The  Tvpe  I  grain  (circular 
port)  was  used  with  the  two  CM5D  and  Arcane  54F  composite  formulations  on 
Tests  T-9,  T-ll  and  T-14.  The  nozzles  are  shown  in  Figures  92,  96  snd  102 
were  ir.  essentially  Che  same  condition  as  thos^.  from  the  end  bi^mirg  grain 
series  (T-1  through  T-7).  The  aft  closure  cross  section  in  F’gure  9i  shows 
typical  erosion  of  the  asbestos  phenolic  with  the  Type  I  grain.?.  Figures 
89  and  93  show  the  aft  closure  insulators  t rom  Tests  7-8  and  T-10.  T  ;ese 
are  typical  of  the  Typo  II,  slotted  grain  tests.  Note  that  grooving 
opposite  Che  grain  slot  was  less  pronounced  on  T-S  -■hich  used  the  alaminuci 
analog  of  the  Arcccel  191F  tested  in  T-IO.  As  shown  in  Figure  9(\  there 
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was  no  observable  grooving  of  the  T-8  nozzle.  Figures  94  and  95  show  the 
top  and  bottom  halves  of  the  T-10  nozzle.  While  two  grooves  could  be  seen 
in  the  ATJ  entrance  section,  only  the  bottom  groove  extended  into  the 
throat  -section  of  the  T-10  nozzle.  Figures  103  and  104  show  the  grooving 
incurred  on  Test  T-15,  the  only  test  in  which  the  Type  III  slotted  grain 
design  was  used. 

Figures  97  through  101  show  the  nozzles  from  Tests  T-12  and  T-13,  the 
nozzle  contour  subseries.  The  condition  of  the  carbon  cloth/ATJ  nose  cap. 
Figure  97,  was  typical  of  the  shallow  submerged  design  used  in  the  small 
motor  tests.  Two  distinct  grooves  were  formed  in  the  ATJ  entrance  section. 
Figure  98,  but  only  the  bottom  grrove  was  pronounced  in  the  throat  section 
of  the  T-12  nozzle.  Figure  99.  The  effect  of  the  gas  leak  on  the  T-13  aft 
closure  and  nozzle  can  be  seen  in  Figures  100  and  101.  The  bottom  groove, 
opposite  the  grain  slot,  can  also  be  seen  in  Figure  101. 

The  nozzles  from  the  meterials  evaluation  subseries,  T-16  through  T-20,  are 
shown  in  Figures  105  through  111.  The  Type  I  grain  design  was  used  on  all 
of  these  tests.  The  Arcocel  191F  propellant  was  used  on  all  but  T-19 
(Arcocel  319BRF)  and  conventional  nozzle  contours  were  used  on  all  but  T-18 
(submerged).  No  cracks  were  found  in  the  T-16  tungsten  insert;  the  others 
were  cracked  axially  during  machining.  The  T-17  insert.  Figures  106  and 
107,  developed  an  axial  surface  groove  which  was  associated  with  the  orig¬ 
inal  axial  crack.  It  also  developed  a  circumferential  crack  at  the  throat 
during  or  after  the  test.  This  Insert  was  preceded  by  a  carbon  cloth  inlet 
section.  The  T-18  nozzle,  Figures  108  and  109,  was  in  excellent  condition 
as  was  the  T-19  nozzle.  Figure  110.  Figure  111  shows  the  typical  condition 
of  the  carbon  cloth  entrance  section  used  on  T-17  and  T-20. 

The  close  end  burner  series.  Tests  T-21  through  T-24,  were  designed  to 
adversely  effect  the  metal  combustion  efficiency  of  the  beryllium  propellants. 
The  nozzles  are  shown  in  Figures  112  through  115.  These  nozzles  were  in 
excellent  condition.  The  T-25  nozzle  was  designed  with  a  thicker  throat 
heat  sink  and  was  tested  with  a  Type  I  grain.  The  nozzle  was  in  excellent 
condition  as  shown  in  Figure  116. 

The  larger  development  nozzles  are  shown  in  greater  detail  in  Figures  117 
through  134.  The  aft  closure  insulator  from  Test  T-51  is  shown  in  Fig¬ 
ures  117  and  118.  The  condition  of  this  insulator  is  also  typical  of  those 
from  Tests  T-53  and  T-54.  Note  that  the  Insulator  was  nearly  burned  through 
at  the  top  in  line  with  the  grain  slot.  Considerably  less  erosion  occurred 
on  Test  T-52  (Arcocel  319BRF,  hangflre)  as  shown  in  Figure  123.  The  extensive 
erosion  of  the  asbestos  phenolic  nose  cap  insulation  and  the  ATJ  nose  cap 
slots  can  be  seen^in  Figures  119,  124,  126,  131,  and  132  (all  four  tests). 

The  grooves  in  the  nozzle  throat  sections  of  the  T-51  and  T-53  nozzles  are 
shown  in  Figures  120,  122,  127  and  129.  The  groove  extension  into  the  exit 
cone  of  the,  T-53  nozzle  is  shown  in  Figure  130.  The  unaffected  sections  of 
the  T-51,  T-52  and  T-53  nozzles  are  shown  in  Figures  121,  125  and  128  for 
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comparison.  The  condition  of  the  T-54  nozzle,  Figures  132  and  133  was 
essentially  the  same  as  the  others,  except  for  the  missing  tungsten  inserts. 
The  extent  of  insert  deformation  and  surface  carbide  formation  can  be  seen 
in  Figure  134.  Note  that  the  tungsten  insert  was  expelled  from  the  motor 
20  seconds  after  ignition. 
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FIGURE  81.  NOZZLE  FROM  TEST  T-i  -  CROSS  SECTION 
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ECTLON  OF  ASBESTOS -PHENOLIC  AFT  CLOSLUE  FROM  TEST  T 
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FIGURE  83. 
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lGUKE  84.  NOZZLE  FROM  TEST  T-3  -  CROSS  SECTION 
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FIGURt  85.  NOZZLE  FROM  TEST  T-4  -  CROSS  SECTION 
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figure  87.  NOZZLE  FROM  TEST  T-6  -  CROSS  SECTION 
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FIGURE  88.  NOZZLE  FROM  TEST  T-7  -  CROSS  SECTION 
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AFT  CLOSURE  INSULATOR  CRCSS  SECTION  -  TEST 
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l■'LGUKL;  NOZZLE  ''iON  TEST  T-10  -  CROSS  SECTItlN  (BOTTOM  HALF) 
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FIGURE  97.  SUBMERGED  NOZZLE  FROM  TEST  T-12  (SOOT  REMOVED) 
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FIGURE  100.  AFT  CLOSURF.  INSULATOR  DAMAGE  -  TEST  T-13 
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N'(i/./.LK  FROM  TKST  T- I  )  -  CROSS'  SECTIOS 
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FIGURE  105.  TUNGSTEN  INSERT  -  TEST 
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■lUNCfiTliN  INSERT  FROM  TEST  T-L7  (DEPOSITS  REMOVED,  ETCHED) 
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FIGURE  108.  NOZZLE  FROM  TEST  T-18  -  NOSE  CAP  VIEW  (LOOSE  DEPOSITS  REMOVED) 
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FIGJRE  110.  NOZZLE  FROM  TEST  T-19  -  CROSS  SECTION 


FIGURE  111.  NOZZLE  FROM  TEST  T-20  -  CROS 
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FIGURE  112.  NOZZLE  FROM  TEST  T-21  -  CROSS  SECTION 
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Sl'BMiiKnED  NOZZLt:  FROM  Tf^ST  T-2:3  -  CR()S:3  SECTION 
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FIGURE  119.  NOZZLE  FROM  TEST  T-51  -  AS  RECEIVED 
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FIGURE  131.  NOZZLE  FROM  TEST  T-54  -  AS  RECEIVED 
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FIGURE  132.  NOZZLE  CROSS  SECTION  -  TOP  HALF  -  TEST  T-54 
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APP»sNDIX  V  (C) 

THROAT  DEPOSITION/EROSION  HISTORIES 


5.1  (U)  PROGRAM  TEST  DATA 

Several  methods  were  developed  to  permit  the  calculation  of  throat  area 
variations  through  the  motor  firing  period.  The  first  techniques  devel¬ 
oped  are  described  in  Section  5.2  of  Reference  2.  Basically,  the  Kn 
method  uses  the  mea'^ured  pressure  history  and  adjusted  grain  burning  rate 
data.  The  F/P  method  uses  measured  pressure  and  thrust  data.  An  improved 
version  of  the  F/P  method  is  described  in  Section  5.2  of  Reference  4.  The 
Kn  method  used  in  this  prograin  is  most  effective  when  approximately  neutral 
burning  is  achieved.  Significant  deviations  from  neutral  burning  were 
experienced  on  the  majority  of  the  program  tests.  The  Kn  method  is  believed 
to  have  given  results  which  are  inferior  to  the  F/P  results.  However,  the 
frequent  occurrence  of  thrust  stand  resonance  made  it  necessary  to  use  the 
Kn  method  on  some  tests. 

Figures  135  through  163  present  the  deposition/erosion  curves  used  in  the 
nozzle  thermal  and  ballistic  performance  analyses.  The  original  F/P  (or 
C  )  technique  was  used  for  Tests  T-1  through  T-7.  Thereafter,  the  improved 
F/P  technique  (Reference  4)  was  used.  Both  Kn  and  F/P  results  are  shown  in 
Figures  135  through  141  and  160.  When  only  one  curve  is  shown,  the  method 
used  is  indicated  on  the  figure.  Minor  changes  in  the  deposit  histories 
for  Tests  T-1  through  T-7  were  made  by  combining  the  results  of  the  Kn  and 
original  F/P  method  results.  These  data  may  be  found  in  Figures  139  through 
145  in  Reference  2.  The  grain  burning  rate  data  used  in  the  Kn  analysis 
may  be  found  in  Section  5.2  of  Reference  2  and  Appendix  B  of  Reference  4. 
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The  improved  F/F  technique  was  subsequently  used  to  reevaluate  the  deposi¬ 
tion  data  on  Tests  T-1,  T-2,  T-3,  T-7,  and  T-21  through  T-24.  These  results 
are  compared  with  the  Kn  results  in  Figures  164  through  167.  The  improved 
F/P  method  results  would  lead  to  improvements  in  the  thermal  analysis  results 
as  discussed  in  Section  5.2  of  Reference  4. 

5.2  (U)  CCXiPARISON  OF  DEPOSIT  HISTORIES 

Composite  plots  of  the  nozzle  t’oroat  deposit  histories  were  presented  in 
Section  4.2  of  References  3  and  4.  These  are  repeated  in  this  appendix  as 
Figures  168  through  181.  These  comparisons  were  made  to  determine  the 
influence  of  the  major  design  parameters  on  the  deposition  phenomenon  and, 
consequently,  on  nozzle  heat  transfer,  corrosion  and  motor  ballistic  per¬ 
formance.  There  are  apparently  strong  effects  on  grain  design,  propellant 
formulation,  nozzle  submergence  and  stay  time.  The  characteristics  and 
magnitude  of  the  deposit  curves  for  each  grain  design  appear  to  be  repro¬ 
ducible.  It  should  be  noted  that  the  deposit  histories  calculated  by  the 
improved  F/P  method  shown  in  Figures  164  through  167  have  not  been  used 
in  Figures  168  through  181.  If  this  were  done,  it  is  not  expected  that 
significant  revision  of  the  discussion  of  the  deposit  history  comparisons 
would  be  required.  Such  discussions  may  be  found  in  Sections  4.2  of 
References  3  and  4. 

5.3  (U)  THIOKOL  ADOBE  NOZZLES 

Ballistic  performance  data  from  the  Thiokol  ADOBE  motor  test  program 
(Reference  10)  were  used  to  find  throat  deposition/erosion  histories  for 
selected  nozzles  by  the  improved  F/P  method.  The  results  are  shown  in 
Figures  182  through  186.  The  nozzles  and  motors  were  identical  in  these 
tests  except  for  the  indicated  variation  of  the  throat  heat  sink  or  heat 
barrier  design.  Approximately  3600  pounds  of  Thiokol  TPH-1092  were  used 
in  each  TU-152  motor.  A  nearly  neutral,  cup  type  grain  design  was  used  in 
these  tests.  Note  that  the  throat  radius  histories  reflect  the  throat 
heat  sink  capacity  effect  and  that  erosion  rates  may  be  measured  directly 
from  the  curves. 
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FIGURE  136.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-2 
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FIGURE  137.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TLME  TEST  T-3 
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FIGURE  139.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-5 
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FIGURE  140.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-6 
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FIGURE  141.  CHANGE  IN  MOZZI£  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-7 
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FIGURE  142.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VS  FIRING  TIME  TEST  T-8 
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FIGURE  143.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VS  FIRING  TIME  TEST  T-9 
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FIGURE  146.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-12 
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FIGURE  147.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-13 
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FIGURE  148.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TI1!E  TEST  T-L4 
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FIGURE  149.  CHA.NQ;  IN  NOZZI£  THROAT  -SADiUS  VERSUS  FIRLSG  TLME  TEST  T-I5 
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FIGURE  150.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-16 
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FIGURE  151.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-17 
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FIGURE  156.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-22 


FIGURE  157.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-23 
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FIGURE  158.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-24 
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FIGURE  159.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME  TEST  T-25 
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FIGURE  161.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME,  TEST  T-52 
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FIGURE  162.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIKE,  TEST  T-53 
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FIGURE  103.  PROPELLANT  EFFECTS  ON  THROAT  DEPOSIT  HISTORY  (I) 
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FIGURE  PROPELLANT  EFFECTS  ON  THROAT  DEPOSIT  HISTORY  (II) 
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FIGURE  172.  PROPELLANT  EFFECTS  ON  THROAT  DEPOSIT  HISTORY  (V) 
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FIGURE  17J.  PROPELUNT  EFFECTS  ON  THROAT  DEPOSIT  HISTC»Y  (VI) 


-329- 


CONFIDENTIAL 


CHANGE  IN  THROAT  RADIUS  (MILS) 


CONFIDENTIAL 


NOZZLE  CONTOUR 

CONVENTIONAL 

CONVENTIONAL 

CONVENTIONAL 

CONVENTIONAL 

CONVENTIONAL 


0  2  4  6  8  10  12  L4  16  18 


T-14 

319BRF 

CONVENTIONAL 

T-18 

191F 

SUBMERGED 

T-19 

319BRF 

SUBMERGED 

NOTE: 

S  =  SHOULDER 

H  =  HEAD 

T  =  TAIL 

TIME  (SECONDS) 


F08113C 


FIGURE  EFFECT  OF  GRAIN  TYPE  ON  THROAT  DEPOSIT  HISTORY  (I) 
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FIGURE  176.  EFFECT  OF  GRAIN  TYPE  ON  THROAT  DEPOSIT  HISTORY  (II) 
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FIGURE  177.  NOZZLE  EFFECTS  ON  THROAT  *>EiOSIT  HISTORY 
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FIGURE  178.  EFFECTS  OF  ilE AT  SINK  ON  THROAT  DEPOSIT  HISTORY 
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FIGURE  180,  EFFECT  OF  NOZZLE  SUBMERGENCE  ON  THROAT  DEPOSITION 
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IGURE  182.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME,  THIOKOL  TEST  TU-380.07 
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FIGURE  183.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME,  THIOKOL  TEST  TU-380.04 
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FIGURE  186.  CHANGE  IN  NOZZLE  THROAT  RADIUS  VERSUS  FIRING  TIME,  THIOKOL  TEST  TU-380. 
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APPENDIX  VI  (C) 

ball;.stic  performance  data 


Ballistic  performance  data  vere  obtained  for  the  majority  of  the  motor 
tests  conducted.  It  was  expected  that  performance  efficiency  data  would 
reflect  the  average  degree  of  netal  combustion  for  comparison  purposes. 

This  goal  was  only  partially  realized  in  that  the  results  are  not  entirely 
consistent  with  other  evidence  obtained  from  the  nozzle  post  test  analyses. 
Basically,  the  combination  of  errors  in  the  uniaxial  thrust  measurement 
and  the  calculated  deposit  histories  are  believed  to  be  serious.  More 
refined  estimates  of  combustion  efficiency  would  probably  require  measure¬ 
ment  of  motor  weight  changes  and  side  thrust  measurements.  Improvements 
in  the  pressure  measurements  would  also  be  desirable. 

Action  time,  propellant  weight,  pressure,  thrust,  C*  and  impulse  data  are 
given  in  Tables  IX  and  X  for  the  small  motor  tests  and  in  Table  XI  for  the 
development  motor  tests.  Two  methods  were  used  to  compute  the  C*  and 
impulse.  The  TSI  method  assumed  a  linear  change  in  throat  area  between 
the  initial  and  final  measured  values.  The  ADP  method  used  on  integral 
average  throat  area  to  account  for  the  throat  deposition  calculated  for 
each  nozzle.  Both  methods  use  integrally  averaged  pressure  and  thrust 
data  while  assuming  that  tne  entire  propellant  mass  is  expelled  over  the 
action  time.  There  are  slight  differences  in  the  definition  of  action 
time  in  the  two  methods.  The  TSI  results  were  computer  calculated  while 
the  ADP  results  were  hand  calculated.  The  ADP  results  are  regarded  as  the 
more  reasonable. 

The  raw  performance  data  was  converted  to  efficiencies  wl>ich  are  shown  in 
Table  XII.  These  data  were  then  adjusted  to  approximately  account  for  the 
slag,  heat  transfer  and  divergence  losses.  Such  losses  were  estimated 
from  visual  examination  of  the  tested  hardware,  the  motion  pictures  of  the 
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tests  and  the  results  of  the  thermal  analyses.  The  results  are  shown  In 
Table  XIII.  A  number  of  errors  were  found  In  similar  data  presented  in 
References  3  and  4.  These  have  been  corrected  and  Table  XIII  supercedes 
the  earlier  presentations,  the  ideal  ballistic  performance,  for  each  of 
the  program  propellants,  is  presented  as  a  function  of  pressure  in 
Figure  187.  These  data  were  used  to  determine  the  ideal  performance  cor¬ 
responding  to  the  integral  average  chamber  pressure  for  each  test. 

More  extensive  discussion  of  the  ballistic  performance  data  and  analyses 
may  be  found  in  Sections  2.3  of  References  2,  3  and  4.  Section  3.5  of 
this  report  should  also  be  consulted. 
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TABUi  XIII,  ADJUSTED  BALLISTIC  PERFORMANCE  EFFICIENCIES 


Estimated  Losses  Due  to: 


Slag  Effect 

Heat 

Transfer 

Divergence 

Adlusted  Efficiencv 

Test 

C* 

(percent) 

ISP 

(percent) 

C* 

(percent ) 

ISP 

(percent ) 

20“  Angle 
(percent) 

Side  Thrust 
(percent) 

C* 

(percent ) 

ISP 

(percent ) 

T-1 

3 

3 

2 

2-1/2 

3 

1 

100.0 

93.9 

T-2 

3 

3 

2 

2-1/2 

3 

1 

98.5 

95.5 

T-3 

2 

2 

2-1/2 

3 

1/2 

103.6 

94.0 

T-A 

3 

3 

2 

2-1/2 

3 

1/2 

95.3 

91.8 

T-5 

3 

3 

1-1/2 

2 

3 

1 

99.7 

96.3 

T-b 

2 

2 

1-1/2 

2 

3 

1/2 

96.7 

95.5 

T-7 

2 

2 

2 

2-1/2 

3 

0 

97.4 

91.6 

T-« 

2-1/2 

2-1/2 

1-1/2 

2 

3 

1 

- 

99.8 

T-9 

2 

2 

1-1/2 

2 

3 

1 

95.0 

92.8 

T-10 

2-1/2 

2-1/2 

L-1/2 

2 

3 

1/2 

101.7 

98.4 

T-ll 

1 

1 

1-1/2 

2 

3 

0 

99.0 

97.1 

T-1 2 

2-1/2 

2-1/2 

1 

1-1/2 

3 

1 

96.6 

94.8 

T-13 

2-1/2 

4-1/2 

1-1/2 

2 

3 

1 

96.3 

92.0 

T-14 

1-1/2 

1-1/2 

1-1/2 

2 

3 

0 

97.5 

96.4 

T-15 

1 

1 

1 

1-1/2 

3 

0 

101.5 

92.3 

T-16 

2 

1-1/2 

2 

3 

1 

96.8 

92.2 

T-17 

2 

2 

1-1/2 

2 

3 

1 

96.0 

89.8 

T-18 

1 

1 

1 

1-1/2 

3 

1 

90.1 

89.9 

T-19 

1 

1 

1-1/2 

2 

3 

0 

97.5 

89.5 

T-20 

2 

2 

2 

2-1/2 

3 

1/2 

99.0 

95.5 

T-21 

3 

3 

2 

2-1/2 

3 

0 

89.9 

92.0 

T-22 

3 

3 

2 

2-1/2 

3 

0 

93.2 

91.8 

T-23 

1 

1 

1 

1-1/2 

3 

1/2 

89.9 

89.3 

T-?4 

3 

3 

2-1/2 

3 

0 

100.6 

91 . 3 

T-25 

1-1/2 

1-1/2 

i-1/2 

•> 

3 

1 

98.0 

92.7 

T-51 

1 

1 

1 

1-1/2 

3 

1/2 

100.8 

101.8 

T-52 

1 

1 

1 

1-1/2 

3 

1/2 

98.2 

97.2 

T-53 

1/2 

1/2 

1 

1-1/2 

3 

1  /? 

99.3 

99.3 

T-54 

1 

1 

1 

1-1/2 

3 

1/2 

. 
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APPENDIX  VII  (U) 

EXHAUST  FLOW  FIELDS 


A  primary  objective  of  the  motor  test  program  was  to  clarify  the  depend¬ 
ence  of  nozzle  performance  on  grain  and  nozzle  contour  design.  The  test 
results  emphatically  illustrate  the  importance  of  nonuniform  exhaust  flow. 
Basically,  the  nozzle  deposition,  heat  transfer  and  corrosion/erosion 
reflect  the  character  of  the  gaseous  and  condensed  exhaust  flow  fields. 
Consequently,  the  flow  fields  associated  with  the  several  grain  design/nozzle 
contour  combinations  were  estimated.  No  attempt  was  made  to  develop  ana¬ 
lytical  techniques  capable  cf  handling  the  two  phase  flow  with  combustion 
transients  and  flow  nonuniformities.  Instead,  the  gas  streamlines  and 
relative  particle  impingement  were  estimated  from  experience  gained  ’n  the 
cold  flow  modeling  studies  (Section  3.2),  two  phase  flow  theory  and  poten¬ 
tial  flow  theory. 

Figure  188  illustrates  the  flow  field  and  impingement  for  the  simplest 
case,  the  remotely  located  end  burning  grain  and  a  conventional  nozzle 
contour  (Tests  T-1  through  T-7).  Except  for  metal  combustion  transients, 
little  or  no  dependence  on  time  would  be  expected  with  this  design. 

Figure  189  shows  the  flow  field  for  the  end  burning  grain  combined  with 
the  steep  inlet  nozzle  contour  (Tests  T-21,  T-22  and  T-24) .  Note  that 
the  grain  is  in  the  extreme  aft  position.  With  this  design,  impingement 
rates  are  expected  to  increase  slightly  with  time.  Figure  190  shows  the 
expected  results  for  Test  T-23  in  which  a  submerged  nozzle  was  used  with 
the  end  burner  in  the  aft  position.  The  flow  fields  and  relative  impinge¬ 
ment  are  shown  in  Figures  191  and  192  for  the  Type  I  grain  design  (7  inch 
circular  port)  with  the  conventional  and  submerged  nozzles.  Figure  191 
applies  to  Tests  T-9,  T-11,  T-14,  T-16,  T-17,  T-20  and  T-25.  Figure  192 
applies  to  Tests  T-18  and  T-19.  Note  that  major  variations  in  the 
impingement  with  time  are  expected.  The  end  burning  and  Type  I  grains 


-352- 

CONFIDENTIAL 

this  page  is  unclassified 


produce  uniform  exhaust  flow  fields  with  each  of  the  nozzle  contours. 

Some  recirculation  flow  is  indicated  behind  the  submerged  nozzles  for 
which  boundary  layer  development  lengths  will  be  relatively  short. 
Significant  condensed  phase  flow  stratification  would  be  expected  with 
the  submerged  and  steep  inlet  designs. 

The  slotted  grains  were  selected  for  test  in  order  to  introduce  a  rel¬ 
atively  simple  deviation  from  the  uniform  exhaust  flow  field.  The 
Type  II  and  III  grains. are  compared  in  Figure  193.  The  gas  flow  field 
for  the  Type  II  grain  is  shown  in  Figure  194,  Note  that  the  radial  slot 
velocity  will  be  much  greater  for  the  Type  II  relative  to  the  Type  III 
design.  The  shear  layers  and  mixing  regions  will  be  proportionately 
more  extensive  for  the  Type  II  grain.  Note  that  the  radial  stagnation, 
180  degrees  from  the  grain  slot,  apparently  developed  a  second  slot  which 
resulted  in  the  progreasive/regressive  grain  burning.  The  increased 
turbulence  associated  with  Che  radial  stagnation  was  responsible  for 
the  formation  of  the  nozzle  grooves  180  degrees  from  the  grain  slot.  The 
nozzle  grooves  formed  in  line  with  the  grain  slot  may  have  resulted 
from  the  free  shear  layer  turbulence  or  centrifuging  of  burning  metal 
particles  away  fro^^  the  wall.  The  anticipated  effects  of  introducing 
additional  grain  slots  are  shown  in  Figure  195.  Basically,  two  nozzle 
grooves  could  be  formed  for  each  grain  slot.  In  some  cases  the  grooves 
in  line  with  Che  grain  slots  should  essentially  disappear.  Evidently, 
erosive  burning  will  occur  with  most  slotted  grain  designs. 

The  initial  flow  fields  and  relative  impingement  rates  for  the  develop¬ 
ment  nozzles  are  illustrated  in  Figures  196  and  197.  The  strength  of 
the  radial  slot  flow  for  the  500-pound  grain  design  is  between  that  of 
the  Type  II  and  the  Type  III  design.  The  initial  port  to  throat  area 
ratio  was  approximately  4,3  for  the  500- pound  grain  compared  to  37  and 
11.5  for  the  Type  II  and  III  designs.  Evidently,  the  radial  jet  stagna¬ 
tion  flow  caused  slotting  of  the  nose  cap  and  erosive  grain  burning. 

The  nozzles  were  submerged  enough  to  prevent  nozzle  grooving  180  degrees 
from  the  grain  slot.  The  radially  oriented  free  shear  layers  probably 
were  the  cause  of  the  "saddles"  formed  in  the  nose  caps. 

The  estimated  grain/nozzle  flow  field  effects  are  discussed  in  greater 
detail  in  Sections  2.4  of  References  3  and  4.  Nozzle  grooving  is  dis¬ 
cussed  in  Section  III  of  this  report. 
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RELATIVE  OXIDE  PARTICLE  IMPINGEMENT  RATE 
CONTOUR  POSITION 


END  BURNING  GRAIN  WITH  STEEP  INLET  NOZZLE 


RELATIVE  OXIDE  PARTICLE  IMPINGEMENT  RATE 
CONTOUR  POSITION 


RELATIVE  OXIDE  PARTICLE  IMPINGEMENT  RATE 
CONTOUR  POSITION 


TYPE  I  GRAIN  WITH  CONVENTIONAL  NOZ2LE 


FIGURE  193.  SLOTTED  GRAIN  DESIGNS  FOR  SMALL  MOTOR  TESTS 
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FIGURE  196.  STREAMLINES  AND  IMPINGEMENT  PROFILES  AT  ZERO  BURN  TIME  -  TESTS  T-51,  T-52,  AND  T-54 


IMPINGEMENT 


FIGURE  197.  STREAMLINES  AND  IMPINGEMENT  PROFILES 


APPENDIX  VIII  (C) 

NOZZLE  THROAT  HEAT  TRANSFER  DATA 


8.1  (U)  THROAT  TEMPERATURE  HISTORIES 

The  primary  objectives  of  the  nozzle  thermal  analyses  were  to  (1)  estab¬ 
lish  the  nozzle  surface  temperature  history  with  deposit  effects  included 
and  (2)  estimate  the  boundary  layer  convective  heat  transfer  coefficients 
for  each  test.  These  objectives  were  achieved  only  at  the  nozzle  throat 
station  where  the  deposit  thickness  history  was  reasonably  well  known. 

The  calculation  procedures  outlined  in  Sections  2.5.C  of  References  1 
through  4  were  highly  successful  when  anolied  to  the  pyrolytic  graphite 
heat  sink  nozzles.  At  the  throat  station,  radiation,  deposit  flow 
energy  transport  and  deposit  heat  of  fusion  effects  were  judged  to  be 
negligible.  Heat  absorbed  in  chemical  corrosion  reactions  was  also 
neglected.  This  latter  assumption  is  quite  reasonable  for  the  majority 
of  the  tests  since  little  corrosion  occurred.  Axial  conduction  effects 
(pyrolytic  graphite)  were  excluded  and  it  was  assumed  that  the  graphite 
components  were  perfectly  insulated  at  the  outer  radius. 

The  transient  conduction  analysis  was  constrained  by  the  total  heat 
absorption  which  was  determined  from  the  local  equilibration  temperature 
measurement  along  with  the  known  specific  heat  and  mass  of  the  throat 
washer.  The  thermal  equilibration  of  the  throat  washer  occurred  about 
60  seconds  after  burnout.  Thus,  the  throat  washer  served  as  a  calorim¬ 
eter.  The  measured  chamber  pressure  history  was  input  to  permit  the 
use  of  a  pressure  dependent  (0.8  power)  heat  transfer  coefficient.  The 
calculated  throat  deposit  histories  (Appendix  V)  were  input  to  the 
analysis.  Successive  estimates  of  the  heat  transfer  coefficient  ulti¬ 
mately  satisfied  the  total  heat  absorption  constraint.  The  calculated 
and  measured  back  wall  temperatures  were  then  compared.  Good  agreement 
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was  normally  obtained.  In  a  few  cases,  disagreement  was  resolved  by 
recalculating  the  throat  deposit  histories,  using  an  alternate  method  or 
Improving  the  arithmetic.  It  should  be  noted  that  the  agreement  in  the 
calculated  and  measured  throat  back  wall  temperatures  is  far  from  perfect. 
This  is  undoubtedly  the  consequence  of  (1)  temperature  measurement  errors, 
(2)  deposit  history  errors,  (3)  averaging  effects,  (4)  procedural  errors, 
and  (5)  inadequate  thermal  property  data.  The  thermal  property  data  em¬ 
ployed  in  this  program  are  given  in  Table  XIV.  The  analysis  of  the  tung¬ 
sten  insert  thermal  response  was  more  difficult  and  the  results  were  less 
satisfactory.  The  procedures  employed  in  handling  the  axial  conduction 
effects  are  described  in  Section  2.5  of  Reference  3. 


TABLE  XIV.  MATERIAL  THERMAL  PROPERTIES  EMPLOYED 
IN  THROAT  CONDUCTION-DEPOSIT  ANALYSIS 


Local  Specific 


Temperature 

Material 

Density 

(Ib/in^) 

Heat 

(Btu/lb 

Thermal 
“F)  (Btu/in.i 

BeO 

0.080 

0.60 

1.85 

AI2O3 

- 

0.133 

0.35 

0.60 

Pyrolytic 

250 

0.0792 

- 

54.0 

Graphite 

350 

0.274 

- 

(a-b  Direction) 

500 

0.30 

- 

750 

0.34 

- 

1000 

0.38 

- 

1500 

0.44 

- 

1750 

- 

26.4 

2000 

0.48 

- 

2500 

- 

16.2 

3000 

4 

0.: 

52 

13.0 

4000 

y 

f 

0.541 

11.4 

5000 

0.0792 

0.552 

11.3 

ATJ  Graphite 

350 

0.0625 

same 

13.2 

(average  of 

1000 

as 

9.3 

with  and 

2000 

P.G. 

5.9 

against  grain) 

3000 

4.6 

4000 

3.8 

5000 

t 

t 

3.2 

Tungsten 

500 

0.675 

0. 

0335 

17.0 

5500 

0.675 

0. 

0460 

11.0 

The  results  are 

shown  in  Figures 

198 

through 

227. 

Each  figur 

throat  deposit 

history  the 

calculated  back  wall 

temperature 

X  10 


back  wall  temperature,  the  throat  surface  temperature,  the  assumed  exhaust 
recovery  temperature  and  the  calculated  pressure  dependent  heat  transfer 
coefficient.  The  majority  of  the  figures  also  indicate  the  calculated 
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deposit  surface  temperature  history.  Assuming  that  the  deposit  thickness, 
composition  and  thermal  properties  have  been  reasonably  well  characterized, 
the  quality  of  the  results  can  be  judged  in  several  ways.  First,  compare 
the  calculated  and  measured  back  wall  temperatures.  In  many  cases  there 
appear  to  be  systematic  variations.  Next,  examine  the  surface  tempera¬ 
ture  when  the  oxide  deposit  disappears.  It  should  be,  and  usually  is, 
close  to  the  oxide  melting  point.  Finally,  examine  the  oxide  surface 
temperature  when  the  thickness  is  at  or  near  its  peak  value.  Again, 
this  should  be  at  or  slightly  above  the  oxide  melting  point  to  provide 
for  liquid  oxide  flow. 

It  should  be  noted  that  no  data  are  presented  for  Tests  T-8,  T-13  and 
T-54.  These  are  absent  for  lack  of  thermal  data  due  to  instrumentation 
problems  or  nozzle  failures.  Attempts  to  resolve  the  poor  agreement  of 
measured  and  calculated  temperatures  on  Test  T-25  were  unsuccessful.  The 
results  for  Test  T-53  are  not  satisfactory  since  no  deposits  were  included 
in  the  analysis.  The  slotted  grain  tests  show  considerable  circumferen¬ 
tial  variation  in  measured  back  wall  temperature.  This  is  associated  with 
nonuniform  flow  field  and  deposition  effects.  It  should  also  be  noted 
that  the  use  of  an  ideal  recovery  temperature  in  the  analyses  necessaril> 
leads  to  reduced  heat  transfer  coefficients  when  poor  metal  combustion 
occurs.  The  corrosion  heat  absorption  was  apparently  significant  enough 
on  Tests  T-51  and  T-53  to  influence  the  results. 

8.2  (U)  HEAT  TRANSFER  COEFFICIENT  CCMPARISON 

The  calculated  heat  transfer  coefficients  were  adjusted  to  the  nominal 
motor  pressure  of  800  psia  for  comparison.  The  results  are  given  in 
Tables  XV  through  XVIII.  Predicted  heat  transfer  coefficients  for  the 
program  propellants  are  given  in  Table  XIX.  The  analysis  used  to  predict 
the  convective  coefficients  is  described  in  Section  2. 5. a  of  Reference  4. 

transfer  coefficient  data  are  discussed  in  Section  3.5  of  this 
The  (equilibrium)  average  boundary  layer  specific  heat  data  are 
Figures  228  through  230  for  the  program  propellants.  Note  that 
of  fusion  effect  was  ignored  in  forming  the  h/Cp  parameter. 


The  heat 
report  . 
given  in 
the  heat 
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PARAMETERS  USED  IN  ANALYSIS 
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FIGURE  203.  THROAT  TEMPERATURE  RESPONSE  WITH  DEPOSITION  FOR  FIRING  T-6  (#1) 
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FIGURE  210.  THROAT  TEMPERATURE  RESPONSE  WITH  DEPOSITION  -  TEST  T-14 
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FIGURE  214.  TEMPERATURE  RESPONSE  WITH  DEPOSITION  AT  UPSTREAM  AREA 
RATIO  OF  1.37,  TEST  T- 16 
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FIGURE  216.  TEMPERATURE  RESPONSE  WITH  DEPOSITION  AT  UPSTREAM  AREA 
RATIO  OF  1.37,  TEST  T-17 
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FIGURE  217.  THROAT  TEMPERATURE  RESPONSE  WITH  DEPOSITION,  TEST  T- 18 
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FIGURE  218.  THROAT  TEMPERATURE  RESPONSE  WITH  DEPOSITION 
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TABLE  XV.  INFLUENCE  OF  GRAIN  GECMETRY  ON  THROAT  HEAT  TRANSFER 


Test 

Propellant 

Grain-Nozzle  Geometry 

^800 

(Btu/ln.2sec°F) 

^800 '^^p 

(Ib/in.^sec 

T-1 

191F 

Remote  end  burner  25° 
conventional  nozzle 

0.0070 

0.0070 

T-9 

191F 

7"  port  -  Type  I  18° 
conventional  nozzle 

0.0092 

0.0092 

T-10 

191F 

7"  port  -  Type  II  (slotted) 
18°  conventional  nozzle 

0.010 

0.010 

T-21 

191F 

Close  end  burer  55° 
steep  inlet  nozzle 

0.0035 

0.0039 

T-3 

319BRF 

Remote  end  burner  25° 
conventional  nozzle 

0.0066 

0.0083 

T-14 

319BRF 

7"  port  -  Type  I  18'' 
conventional  nozzle 

0.0073 

0.0092 

T-15 

319BRF 

3"  port  -  Type  III  (slotted) 
18°  conventional  nozzle 

0.0045 

0.0059 

T-24 

319BRF 

Close  end  burner  55° 
steep  inlet  nozzle 

0.0036 

0.0C51 

T-4 

54F 

Remote  end  burner  25° 
conventional  nozzle 

0.0065 

0.0069 

T-11 

54  F 

7"  port  -  Type  I  18° 
conventional  nozzle 

0.0061 

0.0070 

T-22 

54F 

Close  end  burner  55" 
steep  inlet  nozzle 

0.0059 

0.0064 

T-7 

389 

Remote  end  burner  25’ 
conventional  nozzle 

0.0070 

0.0090 

T-8 

389 

7"  port  -  Type  11  (slotted) 
18"  conventional  nozzle 

No  data 

- 
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TABLE  XVI.  INFLUENCE  OF  NOZZLE  GEOMETRY  ON  THROAT  HEAT  TRANSFER 


^800  ^SOO'^S 

2o^/*®T7\  /1K/4t^  2-5 


Test 

Propellant 

Grain-Nozzle  Geometry 

(Btu/in. 2sec“F) 

(Ib/in.^sec 

T-10 

191F 

7"  port  -  Type  II  (slotted) 
18“  conventional  nozzle 

0.010 

0.010 

T-12 

191F 

7"  port  -  Type  II  (slotted) 
submerged  nozzle 

0.013 

0.0118 

T-13 

191F 

7"  port  -  Type  II  (slotted) 
55“  steep  inlet  nozzle 

No  data 

- 

T-21 

191F 

Close  end  burner 

55“  steep  inlet  nozzle 

0.0035 

0.0039 

T-23 

191F 

Close  end  burner 
submerged  nozzle 

0.0057 

0.0060 

T-16 

191F 

7"  port  -  Type  I 

18“  conventional  nozzle, 

W  throat 

0.0059 

0.0059 

T-18 

19  IF 

7"  port  -  Type  I 
submerged  nozzle,  W  throat 

0.0048 

0.0051 

T-51 

191F 

3.8'-  port  -  Type  II 
(slotted)  "Shallow" 
submerged  nozzle 

0.010 

0.0092 

T-53 

191F 

3.8"  port  -  Typ.  II 
(slotted)  "Deep" 
submerged  nozzle 

0.0055 

0.0058 
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TABLE  XVII.  INFLUENCE  OF  PROPELLANT  FORMULATION  ON  THROAT  HEAT  TRANSFER 


Test 

Propellant 

Grain-Noziile  Geometry 

^800 

(Btu/in. ^sec  °F) 

••soo'^p 

(lb/ in.^sec 

T-1 

191F 

Remote  end  burner  25“ 
conventional  nozzle 

0.0070 

0.0070 

T-2 

24F 

Remote  end  burner  25° 
conventional  nozzle 

0.0054 

0.0072 

T-3 

319BRF 

Remote  end  burner  25° 
conventional  nozzle 

0.0066 

0.0086 

T-4 

54F 

Remote  end  burner  25° 
conventional  nozzle 

0.0065 

0.0072 

T-5 

60  (Al) 

Remote  end  burner  25° 
conventional  nozzle 

0.0038 

0.0061 

T-6 

390  (Al) 

Remote  end  burner  25° 
conventional  nozzle 

0.0072 

0.0116 

T-7 

389  (Al) 

Remote  end  burner  25° 
conventional  nozzle 

0.0070 

0.0090 

T-9 

191F 

7"  port  -  Type  I  18° 
conventional  nozzle 

0.0092 

0.0092 

T-11 

54F 

7"  port  -  Type  I  18° 
conventional  nozzle 

0.0061 

0.0070 

T-14 

319BRF 

7"  port  -  Type  I  18“ 
conventional  nozzle 

0.0073 

0.0092 

T-21 

191F 

Close  end  burner  55° 
steep  inlet  nozzle 

0.0035 

0.0039 

T*22 

54  F 

Close  end  burner  55' 
steep  inlet  nozzle 

0.0059 

0.0064 

T'24 

319BRF 

Close  end  burner  55' 
steep  inlet  nozzle 

0.0036 

0.0051 
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TABLE  mi  (Continued) 


Test 

Propellant 

Grain-Nozzle  Geometry 

^800 

(Btu/ln.^sec°F) 

^'800^^p 

(Ib/in.^sec 

T-8 

389  (Al) 

7"  port  -  Type  II  (slott.d) 
18°  conventional  nozzle 

No  data 

- 

T-10 

191F 

7"  port  -  Type  II  (slotted) 
18°  conventional  nozzle 

0.010 

0.010 

T-18 

191F 

7"  port  -  Type  1  Submerged 
Nozzle:  W-ATJ  Throat 

0.0048 

0.0051 

T-19 

319BRF 

7"  port  -  Type  I  Submerged 
Nozzle:  W-ATJ  Throat 

0.0042 

0.0056 

T-51 

191F 

3.8"  port  -  Type  II 
(slotted)  "Shallow" 

Submerged  Nozzle 

0.010 

0.0092 

T-52 

319BRF 

3.8"  port  -  Type  II 

0.0082 

0.0097 

(slotted)  "Shallow" 
Submerged  Nozzle 
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T-i4 

319BRF 

7"  port  -  Type  I 

18°  conventional 
nozzle 

Throat:  P.G. 
Entrance;  ATJ 

0.0073 

0.0092  1 

1 

> 

1 

T-19 

319BRF 

7"  port  -  Type  I 

18°  conventional 

Throat-  W-ATJ 
Entrance:  ATJ 

0.0042 

0.0056  ! 

i 

j 

T-51 

191F 

3.8"  port  -  Type  II 
(slotted)  "Shallow" 
submerged  nozzle 

Throat: 

Entrance:  ATJ 

0.010 

0.0092  j 

} 

i 

1 

T-54 

191F 

3.8"  port  -  Type  II 
(slotted)  "Shallow" 
submerged  nozzle 

Throat:  W-ATJ 
Entrance :  ATJ 

No  data 
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FIGURE  230.  AVERAGE  BOUNDARY  LAYER  SPECIFIC  HEAT  FOR  ALUMINUM  PROPELLANTS 
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APPENDIX  IX  (C) 

NOZZLE  THROAT  CORROSION  DATA 


This  appendix  presents  a  tabulated  sunnr.ary  cf  the  nozzle  throat  corrosion 
data  obtained  in  this  program.  These  results  were  originally  presented  and 
discussed  in  Sections  2.2  of  References  2,  3  and  4.  Table  XX  shows  the 
results  of  the  effort  to  establish  the  thisshold  surface  temperatures  for 
corrosion  of  pyrolytic  graphite  by  the  program  propellent  exhausts.  Table  XXI 
presents  the  measured  radial  regression  and  other  pertinent  data  for  the  tests 
in  which  corrosion  occurred.  The  symbols  used  in  Table  XXI  are  defined  in 
Table  XXII.  Table  XXIII  compares  several  corrosion  rate  predictions  with  the 
adjusted  rates  for  the  tests  in  which  corrosion  occurred.  The  prediction 
methods  are  described  on  Pages  15-18  of  Reference  3.  Note  that  the  &  pre¬ 
diction  column  indicates  extreme  corrosion  rates  at  temperatures  above  5000°F. 
This  prediction  method  assumes  total  similarity  between  heat  and  mass  transfer. 
Comparison  of  the  predicted  and  measured  values  would  suggest  that  this 
assumption  is  not  reasonable.  The  similarity  assumption  has  also  been 
attacked  on  theoretical  grounds  in  this  program.  The  data  presented  in  this 
appendix  also  serve  to  illustrate  the  extreme  complexity  of  obtaining  good 
corrosion  data.  Improved  definitions  of  the  heat  transfer  and  deposition 
processes  are  evidently  required  before  the  corrosion  rates  can  be  correct  ly 
interpreted . 
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this  PA9K  IS  UMCLASStriCO 


Surface  Temperature  of  Graphite  Throat  at: 


Test  Propellant 


Deposit  Arrival 
(°F) 


Start 


of  Corrosion 

I°Fi _ 


Theoretical 
Corrosion  Threshold 

_ Cl) _ 


TABLE  XXI.  EXPEEIMENTAL  COMDSlOK  PARAMETER  DATA 
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TABLE  XXII.  DEFINITION  OF  SYMBOLS  USED  IN  TABLE  XXI 


P  :  Average  chamber  pressure  over  the  period  when  throat 
corrosion  actually  occurred.  The  average  nozzle 
throat  pressure  can  be  obtained  by  multiplying  P  by 
0.575. 

h^:  Average  gas  side,  throat  heat  transfer  coefficient 
over  the  entire  firing.  The  value  given  is 
corrected  to  the  average  coefficient  over  the 
time  when  corrosion  actually  occurred  by  multi¬ 
plying  by  the  ratio  of  7  to  the  average  pressure 
over  the  entire  firing,  raised  to  the  0.8  power. 

C  :  Average  equilibrium  boundary  layer  specific  heat, 

^  at  the  wall  temperature  when  corrosion  occurred. 

B  :  Average  thermodynamic  saturation  parameter,  at  the 
wall  temperature  when  corrosion  occurred,  for  the 
particular  propellant,  taken  from  Figures  14  and  15, 
Reference  1,  and  from  similar  plots  which  have  not 
been  published.  Note  that  these  B  values  are  for 
the  case  of  inert  condensed  oxides. 

AT:  Range  of  throat  surface  temperature  during  period 
when  corrosion  occurred. 

Ar:  Average  change  in  throat  radius.  .Average  of  at 
least  four  measurements  of  the  throat  diameter 
after  removal  cf  soot  and  beryllia  deposits. 

Ar  ;  One  half  of  the  maximian  measurement  of  post-test 
max  ,  .  ^  , 

throat  diameter  change. 

Ar  .  :  One  half  of  the  minimum  measurement  of  post-test 
min  ,  , 

throat  diameter  change. 


AR:  One  half  of  the  measured  throat  diameter  change  which 
most  logically  represents  the  corrosion  for  each 
particular  nozzle.  One  or  more  diameter  measurements, 
excluding  those  which  reflect  grooves  and/or  minimum 
values,  were  selected  or  averaged.  Then,  the  throat 
regression  values  were  corrected  by  adding  two  mils 
to  account  for  the  thermal  expansion  effect. 

R:  Average  corrosion  rate  over  the  estimated  time  period 
when  corrosion  occurred,  based  on  AR. 
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TABLE  XXIIl.  PREDICTED  AND  MEASURED  CORROSION  RATES 


o  K  ^ 

R  - 


Propellant 

Test 

Cp  If 

imils/sec) 

“2 

(mils/sec) 

"2 

(mils/ sec) 

Pleasured 
(mils/ sec) 

Arcane  24F 

T-2 

7 

4.6 

0.1 

1* 

Arcane  54F 

T-11 

7 

2.9 

0.6 

2 

Arcane  60 

T-5 

7 

4.6 

0.1 

1.3-2. 6 

Arcocel  191F 

T-1 

13 

2.9 

1.3 

4-8 

Arcocel  191? 

T-9 

28 

3.2 

2.6 

4,3 

Arcocel  19  IF 

T-10 

37 

5.0 

4.7 

2,3 

Arcocel  191F 

T-12 

44 

5.3 

5.1 

9.5 

Arcocel  19 IF 

T-13 

> 

- 

- 

1.7 

Arcocel  191F 

T-20 

8 

3.7 

0,5 

6 

Arcocel  19  IF 

T-25 

10 

2.8 

1.0 

l*-2* 

Arcocel  191F 

T-51 

37 

5.0 

4.7 

2-4 

Arcocel  191F 

T-53 

7 

2.8 

1.0 

2-6 

Arcocel  389 

T-7 

27 

6.4 

3.2 

3-6 

Arcocel  319BRF 

T-3 

1.2 

1.3 

0 

2 

Arcocel  319BRF 

T-14 

14 

1.2 

1.2 

2.5 

Arcocel  319BFF 

T-15 

0 

0.9 

0 

3> 

Arcocel  390 

T-6 

1.4 

1.9 

0 

2 

Estiinated.  asauiaing  corrected  corrosion  occurred  over  a  one  second  period. 
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tJ  ABSTRACT 

Contract  ^F04(6Il)-10753  was  conducted  over  the  perio '  J_ne  1965  to  March  1967. 

The  program  was  directed  toward  understanding  irosioi  corrosion  mechanisms  of 
nozzle  heat  sink  and  insulati.on  materials  in  state-o  the-art  beryllium  solid 
propellart.  exhausts.  The  major  task  was  the  design,  fabrication  and  evaluation 
of  the  T',  uilts  Ol.  the  29  motor  tests.  P'imary  design  variables  included  pro¬ 
pellant,  grain  design,  motor  configuration,  nozzle  contour,  materials  and 
nozzle  scale.  Four  beryllium  propellants  were  tested  in  5  designs  (100  and 
500  pound  arains)  iu  25  tests.  Aluminum  nalogs  were  used  in  4  tests. 

Submerged,  conventional  and  steep  inlet  nozzles  were  designed  to  exceed 
5000°F  witii  pyrolytic  graphite,  .ATJ  graphite,  dense  tungsten,  carbon  cloth 
and  asbestos  p.ienolic  materials.  The  hardware,  wall  deposits  and  exhaust 
plume  particles  are  described,  'leasured  r.ozzle  temperatures  and  ballistic 
performance  were  used  *o  determi  p  throat  temperature,  corrosion  and  oxide 
deposition  i.istori^s.  Design  parameter  effects  on  nozzle  and  ballistic  per¬ 
formance  and  niaterial  fa' lure  mechanis  js  are  discussed.  Supporting  chemical 
reaction,  arc  plasma,  cold  flow  modeling,  data  corro’ation  and  analytical 
studies  are  described.  genera’ ized  model  for  nozzle  design  and  performance 
evaluation  is  presented.  The  lomdel  includes  improved  heat  transfer,  corrosion 
and  deposition  analyr^'s.  Standard  materials  can  bo  used  with  either  beryllium 
or  aluminum  propellants  in  properly  des  ned  motors.  Poor  nozzle  and  ballistic 
performance  reiarcs  to  inr.o.'nple^e  meCsl  combustion  and  inadequate  thermos t rue l ura  1 
aesign.  Oxide  deposits  are  thermally  and  chemically  prote<'tive.  Most  of  the  con- 
clusions  and  recoraaendat  ions  U'crt  tin' also  to  I  '  quid  ,  h  /bird  and  i 
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